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The  objective  of  this  project  was  to  identify  the  dominant  theznnal 
decomposition  and  secondary  reaction  pathways  that  exist  in  the  surface 
zone  of  a  burning  propellant.  T-jiomp/FTIR  spectroscopy  and  SMATCE/FTIR 
spectroscopy  are  new  diagnostic  techniques  that  were  designed  for  this 
project.  They  enable  a  film  of  material  to  be  heated  at  a  high  rate  in 
such  a  manner  as  to  simulate  a  thin  volume  element  of  the  surface  during 
combustion.  The  semiglobal  thermal  decomposition  reactions  and  the 
first  strongly  exothermic  secondary  reaction  of  important  oxidizers  and 
monopropellants  were  identified.  The  compounds  studied  were  nitramine 
(CL-20,  HMX,  RDX,  DNNC) ,  ammonium  salts  (AP,  AN,  ADN) ,  and  azide 
polymers  (GAP,  BAMO) . 
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I.  Objectives 

The  research  summarized  in  this  final  report  of  AFOSR-89- 
0521  covers  the  period  of  October  1,  1989  to  September  30,  1993. 
The  objective  in  the  first  year  was  to  characterize  the  rapid 
thermal  decomposition  of  hexanitrohexaazaisowurtzitane  (HNIW  or 
Cl-20) .  The  remaining  three  years  of  work  were  devoted  tc 
surmounting  one  of  the  major  barriers  that  exists  in  describing 
the  combustion  of  solid  rocket  propellants.  This  problem  is  the 
experimental  characterization  of  the  chemical  reactions  that 
exist  in  the  surface  zone  (melt  and/or  foam  layer)  during 
combustion.  Determination  of  these  chemical  reactions  cannot  be 
made  with  the  flame  present  because  the  surface  zone  is  too  thin 
and  too  heterogeneous  to  study  by  spectroscopic  techniques. 

The  major  processes  that  need  to  be  defined  in  the  surface 
reaction  zone  are  the  initial  decomposition  reactions  of  the 
constituent  molecules  and  the  first  strongly  exothermic  reaction. 
These  two  chemical  processes  play  a  major  role  in  determining  the 
flame  structure  and  the  burn  rate. 

The  piwject  has  required  unique  and  original  experimental 
techniques  to  be  developed  that  combine  infrared  spectroscopy  and 
heat-flow  measurements.  The  experiments  are  performed  at  high 
heating  rates  to  high  and  constant  temperature.  The  most 
powerful  of  our  new  methods  is  T-jurap/FTIR  spectroscopy.  A 
second  technique  involves  the  simultaneous  measurement  of  the 
mass  change  and  temperature  change  of  the  condensed  phase  along 
with  the  IR  spectrum  of  the  gaseous  products  that  leave  the 
surface  (SMATCH/FTIR  spectroscopy) . 
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The  compounds  selected  for  study  include  those  that 
currently  have  or  in  the  future  will  have  important  application 
in  Air  Force  rocket  propulsion  systems.  These  compounds  are 
shown  in  Figure  1. 


NC, 


NO, 


o,n._/-n 


RDX 


0,N 


HMX 


OjN  NOj 

o 

N(Y 

DNNC 


AMMO 


BAMO 


GAP 


CH, 

I 

H-|-0CHiCCH2^0H 

CH/J3 

CH2N3 

H  OCHjCCHj-^-OH 
'  j 

CKjNs 

CHjNa 

H-^OCHjCH-]-  OH 


NOj 


C'X> 


N 

\ 

NOj 


DMFP 


NH4NO3  NH4CIO4 

AN  AP 

AON 


yNOo 

N 


HTPB  H0^-C«r<H=CH-CH,.)54.CM,-^-)^0M 

CH 

U 

CM, 


CH,oa 


y!r 

IM— 

—  0 

-I'" 

H 

OR 

o- 


•n 


NC  (R-H  or  NOJ 

CH, 

M-{-Oe»^CH,-^OM 


-{-CM, - 

I  " 

ONO, 

PVN 


HO  — {-CHCMjO  M 


Accp;:cn  K>' 
NTtS 

DTIO  l/.S 
Jiijt  1 


Kv  ..  .  . 

Divtf 

‘'.’p 


CHpNO, 

CM, ONO,  1 

f 

NMMO 

PGN 

AV.'.  t 

Figure  1. 

Compounds  Studied 

/!-/ 

2 


jync  QUAimr  tNaPEcmD  s 


ZI.  Major  Aooomplishaents 

A.  Development  of  New  Fast  Thermolysis  Techniques. 

Two  new  techniques  based  on  fast  heating  of  a  film  of 
sample  to  a  high  temperature  combined  with  rapid-scan  Fourier 
transform  infrared  spectroscopy  were  developed.  These  are  called 
SMATCH/FTIR  and  T-jump/FTIR  spectroscopy.  T-jump/FTIR 
spectroscopy  is  the  most  widely  applicable,  and  efforts  are  being 
made  in  a  number  of  other  laboratories  to  adopt  this  technique 
for  combustion  research. 


B.  Validation  that  a  Rapidly  Heated  Film  of  Sample  is  the 
"Snapshot"  View  of  the  Burning  Surface. 

The  regression  rates  for  selected  energetic  materials 
calculated  from  fast  thermolysis  of  a  SO^m  thick  film  by 
SMATCH/FTIR  spectroscopy  closely  resemble  the  regression  rates 
measured  on  the  bulk  material  in  a  strand  burner  at  the  same 
pressure.  As  shown  in  Table  1,  this  is  true  for  NC,  HMX,  RDX, 
DNNC,  GAP,  and  AP. 


Table  1.  Burn  Rate  Comparisons  j 

1  Compound 

r.  mm/sec  fl  atm^  | 

SMATCH  Strand  burner  f 

AP 

0.16 

0.25  1 

HMX 

0.37 

0.5  1 

1  RDX 

0.38 

0.38 

1  DNNC 

0.27 

0.27 

1  I3IN  NC 

0.3 

_ 0^-4  _  1 

1  GAP 

1.35 

1.7  1 
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C.  Determination  of  the  Major  Decomposition  Pathways  and 
the  First  Strongly  Exothermic  Reaction  in  the  Surface 
Reaction  Zone. 

By  using  T-jump/FTIR  spectroscopy,  the  chemistry  of  a 
simulated  surface  reaction  zone  of  many  of  the  materials  in 
Figure  1  was  characterized.  Of  particular  interest  is  the  semi- 
global  decomposition  reactions  of  the  parent  molecule  leading  to 
the  initial  products  (Table  2) .  These  initial  products  become 
the  reactants  for  the  first  strongly  exothermic  reaction  which 
dominates  in  releasing  heat  in  the  bubbles  and  voids  in  the 
surface  zone.  This  reaction  strongly  influences  the  burn  rate  of 
the  material . 
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Ttic  T-Juae/fTIB  cpactroscopy  tacholqiue  will  ba  dcacribad  and 

A 

Uto  4-esults  Cor  KKX  presonted.  this  device  enables  a  thin 
fils  of  saaple  to  be  heated  at  2000'C/scc  and  held 
isotbentally  at  a  preselected  tesperature  while  the  rapid 
decoepositlon  process  is  studied.  Xn  this  way.  a  controlled 
study  is  possible  of  energetic  sateriats  at  teeperaturas  Car 

above  the  slow  decoeposition  ran^e.  Cor  erasple.  the  identity  9 

and  relative  concentration  of  the  near  surface  9as  products 

can  be  detemined  at  temperatures  characteristic  of  the 

burnin9  surface.  There  is  evidence  that  autucatalysis  esists 

at  hitth  teeperatures  for  idIX  and  that  the  fottution  of  K^O  and 

mi  are  not  directly  coupled  to  the  reactions  that  produce  ^ 

and  KOt.  The  teeperature  dependence  of  the  h.O/hOt 
bran^ih^  ratio  of  the  nltramine  <9roup  was  determined. 
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Introduction 

The  ultinate  goal  ot  Modeling  of  coMbustion  and  conbustion 
stability  of  rocket  propellants  requires,  aaong  other  inputs, 
a  cheaical  and  physical  description  of  the  condensed  phase/gas 
phase  interface  at  the  aicroscale  level-  Such  detail  has  not 
been  forthcoming  from  direct  Measurements  during  combustion. 
This  is  because  the  surface  is  transient,  heterogeneous,  non- 
equilibrium  and  is  obscured  by  the  flame.  Therefore,  it  is 
necessary  to  design  experiments  that  simulate  the  condensed 
phase  and  surface  during  combustion,  but  release  the  gases 
into  a  cool  unreactive  atmosphere  where  they  quench  and  can  be 
detected  immediately. 

Figure  1  is  a  diagram  describing  the  interface  zone  of  a 
typical  propellant.  Our  objective  is  to  experimentally 
simulate  the  foam  and  disperse  regions  where  the  condensed 
phase  transits  to  the  gas  phase.  The  gases  that  are 
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Figure  1. 
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formed  in  these  znes  feed  the  luminous  flame  and  thus  are 
responsible  for  the  major  features  of  propulsion.  Hence,  our 
research  connects  the  formulation  of  a  propellant  or  explosive 
to  its  combustion  characteristics  through  the  study  of  the 
basic  chemical  processes. 

The  challenge  is  how  to  simulate  the  conditions  that  are 
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present  on  the  burning  surface  and  to  characterize  the  nost 
iaportant  processes  at  the  nicroscale  level.  The  burning 
surface  can  be  inagined  to  be  a  fila  of  aaterial  S-SOfiM  thick 
in  which  a  phase  change  occurs  driven  by  cheaical  reactions 
and  heat  transfer.  In  effect,  it  is  a  "thin-film"  reaction 
zone  that  regresses  through  the  condensed  phase  on  one  side 
leaving  gas  products  behind  on  the  other  side.  Therefore,  an 
instantaneous  sieulation  of  this  reaction  zone  requires  that 
the  saaple  be  a  thin  film,  that  the  heating  rate  lie  in  the 
1000-2000*C/sec  range  and  that  the  pressure  be  atmospheric  or 
higher.  The  choice  of  this  heating  rate  of  is  based  on  work 
of  Sakanoto  and  Kubota  (1]  with  ttiervocouples  imbedded  in  HMX 
propellants  in  which  dT/dt  in  the  condensed  phase  (foam) 
reaction  zone  appears  to  be  1000+500 ‘C/sec. 

Both  kine+ !  . «  .<,1  aechanisa  infomation  is  needed  at  high 
heating  rates  and  high  temperature.  However,  no  single 
technique  appears  to  be  able  to  provide  a  comprehensive 
picture  at  this  time.  For  this  reason,  our  approach  has 
focused  on  the  development  of  two  new  fast  thermolysis 
methods:  T-Junp  spectroscopy  and  Simultaneous  Mass  and 
Temperature  Change/FTIR  Spectroscopy  (SMATCH/FTIR)  (2,3]. 
Measurement  of  both  high  rate  kinetics  and  the  gas  products 
released  is  important  because  these  gas  products  feed  the  dark 
zone  of  the  combustion  region. 

This  paper  will  present  one  of  two  techniques,  that  of  T- 
Jump/FTIR  Spectroscopy,  along  with  data  on  the  fast 
decomposition  process  of  KMX. 

T-Jump  FTIR  Spectroscopy  of  HMX 

The  T-Jump/FTIR  method  is  designed  to  permit  heating  of  a 
sample  at  a  high  rate  to  a  preselected  final  temperature.  In 
this  way,  we  minimize  interfering  chemical  processes  that  are 
operative  in  decomposition  studies  at  slow  heating  rates  and 
that  result  from  "cooking".  A  picture  of  the  energetic 
material  much  closer  to  combustion  is  obtained.  A  heating 
rate  of  2000'C/seo  was  chosen  because  it  is  the  highest 
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heating  rate  that  can  be  achieved  with  the  device  without 
overshooting  the  final  filanent  teeperature,  T(. 

The  experieental  design  is  shown  in  Figure  2  in  bloclc  form. 
The  cell  is  an  A1  cylinder  bored  out  so  that  an  IR  bean  can 
pass  through  the  long  axis.  ZnSe  windows  enclose  the 
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cavity.  The  cell  can  be  pressurized  or  evacuated  as  desired 
in  the  1-1000  psi  range.  Ar  is  usually  used  as  the 
atnosphere.  Ihe  Ft  ribbon  filament  that  supports  the  thin 
film  of  sample  is  inserted  from  the  side.  A  Nicolct  20SX  FTIR 
spectrometer  is  used  for  the  collection  of  rapid  scan  spectra 
of  the  gas  products  2nn  above  the  surface.  A  scan  rate  of  ten 
scans  per  second  is  employed. 

The  heating  experiment  is  built  around  a  CDS  Instruments  1000 
controller.  This  device  is  able  to  heat  the  thin  Pt  ribbon 
filament  under  the  conditions  described  above.  It  senses 
temperature  by  measuring  the  resistance  of  the  filament  as  in 
a  Pt  resistance  thermometer.  The  co  .troller  was  modified  in 
our  laboratory  so  as  to  be  able  to  record  the  very  fast 
response  control  voltage  that  maintains  a  linear  increase  in 
the  Pt  resistance  during  the  heating  phase  and  a  constant 
resistance  during  the  hold  phase.  This  control  voltage  was 
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aaplified  and  channeled  through  an  AO  converter  and  recorded 
on  an  IBM-PC. 

A  powdered  sample  of  about  200p9  Is  thinly  spread  or  cast  as  a 
film  on  the  filament.  The  circuit  is  fired  simultaneously 
with  tlie  spectral  trigger  of  the  IR  spectrometer.  The  added 
heat  capacity  of  the  filament  with  sample  present  or  an 
endothermic  event  of  the  sample,  such  as  melting,  requires  an 
increase  (positive  deflection)  in  the  control  voltage  to 
maintain  the  desired  filament  resistance.  An  exothermic  event 
is  net  with  a  decrease  in  the  control  voltage.  Hence, 
endothermic  and  exothermic  events  of  the  sample  can  be  tracked 
very  sensitively  and  rapidly  by  the  circuitry.  Shown  in 
Figu-e  3  is  ti.e  control  voltage  trace  of  the  bare  filament 
superimposed  on  the  trace  when  200pg  of  HMX  are  spread  on  the 
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filaaent.  There  is  an  initial  endothenlc  departure  (nelting 
and  heat  capacity  effects)  followed  by  an  exothem.  These 
events  are  seen  aore  clearly  in  the  difference  trace  (sanple 
trace  einus  reference  trace  also  shown  in  Figure  3) . 

Slaultaneously,  the  gas  products  are  aeasured  In  near-real 
tine  (naxlsua  tine  delay  is  0.1  sec)  by  the  use  of  rapid-scan 
FTIR  spectroscopy.  Shown  in  Figure  4  aro  the  results  for  MMX 
at  two  different  values  of  T,.  The  exothera  of  MMX  occurs  at 
a  different  time  because  of  the  different  filament 
temperatures.  However,  the  tine  of  appearance  of  the  gas 
products  and  their  relative  concentration  ratios  gives  new 
insight  into  the  mechanism  of  decoaposition. 


Figure  4. 
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Th«  fact  that  gas  prodoots  ars  dstaetad  in  advance  of  tha 
sxothara  is  strong  svidsnes  that  autooatalysls  is  operativs  in 
KMX  svsn  at  high  tsapsraturs.  The  fact  that  NOi  and  K^o 
appear  in  advance  of  the  fuels  (C3i,0  and  HCN)  indicates  that 
these  fuel  and  oxidizer-producing  veactions  ere  not  coupled. 
That  is,  NOj  and  HCM  are  not  produced  in  the  sane  elen-Antary 
reaction  and  NjO  and  CH^O  are  not  produced  in  the  sane 
elementary  reaction.  Instead,  HjO  and  NO,  are  released  and 
CH,0  and  HCN  are  then  produced  in  later  stage  degradation  of 
the  residue.  The  fact  that  tiie  gas  product  concentrations  are 
not  changing  through  the  exothem  isplies  that  the  aechapisn 
of  deconpositlon  before  the  exothem  and  during  the  exothem 
is  essentially  the  sane.  More  of  the  HMX  is  siaply 
decomposing.  Perhaps  most  useful  is  the  new  data  available 
from  this  experiment  on  the  gas  product  ratios  as  a  function 
of  temperature.  The  MjO/NO,  ratio  reflects  the  ratio  of 


•  • 


119  »» 

KHP  t*C> 


m  Mi 


t^UfC  j. 


12-8 


(♦' 


m 


rate  constants  for  the  two  global  decoaposition  paths  of  KMX, 
reactions  (l)  and  (2). 
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NNO, 


-NM3, 


HMX 


H2CN  ^  N02  (HCN  >  HONO) 

X 

-►  CH2NN02 
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N20  * CH20 
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At  lower  teaperature  reaction  (1)  doainates,  while  at  higher 
teaperature  reaction  (2)  doainates.  The  rate  constants  are 
about  cgual  at  about  330*c.  Teaperaturcs  in  the  range  of 
350*c  are  believed  to  exist  on  the  surface  of  burning  HMX 
propellants.  Thus,  the  plot  of  N}0/ii0|  shown  above  gives  the 
ratio  of  the  rate  constants  that  should  be  applied  in  aodels 
of  the  gas  phase  during  the  coabustion  of  KMX  and  at  different 
teaperaturcs.  This  is  highly  valuable  and  hare-to-forc 
unavailable  data. 

If  coapleted  in  time  of  the  conference.  T-^uap  FTIM  studies  of 
ROX  and  perhaps  several  other  nitraaines  aay  be  presented. 
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Thermal  Decomposition  of  Energetic  Materials  54.  Kinetics 
and  Near-Surface  Products  of  Azide  Polymers  AMMO, 
BAMO,  and  GAP  in  Simulated  combustion 

J.  K.  CHEN  and  T.  B.  BRILL* 
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Kinetics  of  weight-loss  during  programmed  heating  at  I.V}*C/s  were  determined  hy  simultaneous  mass  and 
tefnperi;ure  change  (SMATCH)/PTIK  spectntscopy  of  the  polyincrs  .Va/idomethyl-)-methylo(elane  iaMMO). 
3,3*-h!Muidumethyl)oaeiane(BAMO).  and  giycidyl  aside  polymer  <(>AI*).  The  kinetics  match  the  burn  taieol  (iAf 
eatrapolateo  to  the  same  pressure  and  temperature  tange,  wluch  suggests  tliat  SMATCH/FTIK  gives  an 
instantaneous  microscale  simulation  of  nvicruscale  comhustion  at  those  pressure  and  temperature  conditions 
SMATCtl/FTIR  spectroscopy  enables  the  gases  that  leave  the  surface  and  form  the  earliest  stage  of  the  flame  rone 
to  be  identified.  Small  molecules  are  formed  by  BAMO  and  (lAP.  but  some  targe  fragmenu  ate  evolved  by 
AMMO.  Kinetic  constants  were  determined  for  AMMO.  BAMO,  and  CAP  by  isothermal  and  nonisothermal 
thetmogravimetric  analysis  (TCA).  Cumpating  these  data  lu  SMATCtiyKI'IK  kinetics  reveals  that  the  accelerating 
rate  of  change  of  mass  with  time  (doe/dl)  at  small  a  controls  the  temperature  dependence  of  the  TGA  rate 
constant.  w|^  the  total  mass  present  at  a  paiiicutar  time  (I  -  or)  controls  the  SMATCII/FTtR  kinetics. 
Irrespective  of  chemistry  dilTerenccs  at  low  and  high  heating  rates.  TCA  kinetics  would  be  eapected  to  fail  to 
predict  the  combustion  behavior  because  the  specific  teaetion  rates  ui  the  lower  and  higher  temperauMe  ranges  (ail 
to  connect  by  (actor  of  several  thousand. 


INTRODUCTION 

Conskkribk  progress  is  possible  if  microscale 
Utsoratory  experiments  on  the  thermal  tkeompO' 
sitton  of  nuferials  can  be  designed  to  simulate 
macroscale  combustion  behavior,  such  as  the  burn 
rate.  The  siniuUtion  experiment  rnight  help  estab¬ 
lish  some  of  the  ehemicjil  processes  at  and  near 
•the  surface  that  are  impossible  to  study  during 
actual  combustion.  Such  a  microscale  simulation 
was  our  goal  in  dek<etoptng  simultaneous  mass 
and  temperature  chaitie  (.SMATCIl)/I^R  spec* 
tioseopy  1 1,  2).  tiy  using  SMATCII/I-TIR  spee^ 
troscopy  the  dynamic  mas.«  and  tempenture 
changes  of  a  TO-TO-aim-thick  (itm  are  measured 
in  real  time  at  a  fast  heating  rate  while  the  ne^ 
surface  gas  products  are  aiulyiod  with  the  rapid- 
son  rrtR  specintm.  Keating  rates  m  the 
too*  ^  2Q0*C/s  rsMsge  ate  employed 
The  Lineiics  of  rapid  weight  loss  ate  found  to 
predict  the  bum  rate  of  the  material  in  the  same 
pressure  and  temperature  range  P|>  Hence,  the 
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thin  film  of  rapidly  decomposing  material  in  The 
SMATCH/FTIR  technique  apparently  simulates 
the  heterogeneous  surface  reaction  zone  of  a  ma> 
icrial  burning  at  steady  state.  The  gases  evolved 
initiate  the  earliest  stage  of  the  (lame  during 
combustion,  but  have  not  been  identifiable  during 
combustion  because  they  are  rapidly  consumed 
very  close  to  the  surface.  By  evolving  ihe  gases 
into  a  cool,  oonreacting  atmosphere  of  Ar.  these 
species  arc  quenched  and  quicUy  identified  and 
qu-tmtifiei}  by  the  use  of  rapid-scan  PTfR  spec- 
(roscopy.  The  gas  products  are  similar  to  those 
mcasuitd  in  our  previous  bsx  thermolysis/f-TIR 
studies  P}.  which  gives  confidence  in  the  fast 
thcrmolysis/I^R  technique  as  also  being  able  to 
reveal  many  of  dm  tpeetes  that  (bed  the  early 
(lame  zone. 

The  SMAT<*M/mR  concept  was  applied  in 
this  ankle  to  (ktermine  the  kinetk  consianu  and 
gas  products  at  (he  ^MdcttsoJ-phave/iaS'pItase 
interface  during  a  combrotion  Simulation  of 
iaride<or«iaiiHng  polymcxs.  the  compounds  stud- 
kd  were  poly  (azidomcthylmethyl  oxetanc). 
ammo.  poiyMs(iMidorncil:yl)oKet4ne  BAMO; 
and  ^yerdyt  azide  polymer.  GAl*. 
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AMMO 


9»^3 


CH^3 


BAMO 


GAP 

Ttiese  polymers  have  poieniial  as  energetic 
binders  and  plasticizers  in  gun  and  rocket  propel¬ 
lants,  where  a  relatively  low  flame  tempetature 
and  high  mass  impetus  are  sought  (4,  S|. 

In  addition  to  the  decomposition  kinetics  at  fast 
heating  rates,  AMMO,  BAMO,  aiKi  GAP  were 
analyzed  at  slow  heating  rates.  These  data  eiuble 
the  relationship  of  kinetics  expressions  at  slow 
and  fast  heating  rates  to  be  better  understood.  As 
a  result,  this  project  was  able  to  connect  the 
kinetics  of  fast  thernuj  decomposition  to  the  bum 
rate  and  to  reveal  some  of  the  species  in  the 
surface  reaction  zone.  It  also  showed  that  the 
factors  controlling  the  thermal  decomposition 
rates  measured  at  slow  rates  are  diflerent  from 
those  at  high  rate  heating  and  combustion  condi- 
Uons, 


CH^a 

OCHiCCHj-)-OH 
'  (  'll 

CH/I, 

H-(-OCHpt-)-tDH 


S^PERtMCNTAL 

Samples  of  AMMO  monomer  (bp  ®  16S*C)  and 
BAMO  polymer  were  supplied  by  G.  C.  Manser. 
A<^o;ct.  Sacramento,  CA.  AMMO  ptriymcr  was 
synthesized  by  Oyumi  (6|  by  sUtTiiic  AMMO 
monomer  with  BP,  >  Et;0  in  anhydrous  MeOK 
fur  24  h.  A  polymer  of  MW  »  8000-10000 
formed.  GAP  (MW  m  IQOO-SOOO)  was  provided 
by  0,  O.  Woolety.  Rocketdyne,  Canoga  Park. 
CA. 

The  S.MATCM/PTIB  loduurjuc  has  been  de¬ 
scribed  elsewhere  (I,  2|.  The  lochokpie  employs 
a  caniUeveied  ^uart4  tube  whose  vibrMiorul  fre- 
(lucuKy  depends  on  the  sample  maj^.  Typically. 
0.2-0.i  mu  of  sample  (a  him  of  IO-h4  itm 
tlockneu)  wa,  painted  onto  a  metal  tip  aitachod  to 
the  lidic.  The  OKtal  eod-fip  was  heated  by  RP 


induction  at  a  cho.scn  rate  in  the  l00*-200*C/s 
range.  The  sample  atmosphere  was  I  atm  of  Ar. 
The  heating  rate  and  film  thickness  are  matched 
so  that  the  heat  transfer  is  fast  enough  to  give  a 
reasonably  uniform  temperature  throughout  the 
film  (2|.  The  dynamic  weight  change  of  the  sam¬ 
ple  was  measured  by  the  change  in  the  vibrational 
frequency  of  the  tube.  Data  were  recorded  at  160 
Hz,  which  provides  enough  points  on  the  weight- 
loss  curve  to  be  confident  of  fitting  the  shape.  The 
temperature  was  measured  by  a  type  E  thermo¬ 
couple  spot-wcldcd  to  the  metal  end-tip  and  in 
contact  with  the  .sample  film.  Infrared  spectra  of 
the  decomposition  gases  were  measured  about  3 
mm  above  the  metal  end-tip  by  using  a  Ntcolet 
60SX  FTIR  spectrometer  operating  in  the  rapid- 
scan  mode  (10  scans/s,  4  cm“'  resolution).  The 
IR  spectra  were  converted  to  the  relative  percent 
composition  scale  by  integrating  the  absorption 
bands  and  convening  them  to  a  relative  concen¬ 
tration  scale  by  their  absolute  intensities  (7).  IR- 
ioactivc  species,  such  as  N,  and  H,.  are  not 
detected  and.  therefore,  are  not  included  in  the 
quantitation  procedure.  The  gas  evolution  rate 
from  diese  polymers  was  rather  high,  resulting  in 
loss  of  resonance  of  the  quartz  lube  in  many 
cases.  The  film  of  polymer  needed  to  be  very 
uniform  in  thickness  for  best  results.  Still,  the 
decomposition  of  BAMO  was  too  exothermic  to 
maintain  resonance.  For  this  reason,  only  AMMO 
and  CAP  were  characterized  by  SMATCH/FTIR. 
However,  the  off-gassing  process  of  C.AP  and,  to 
some  extent.  AMMO  was  sufltcjcwly  vigorous 
that  SMATCH/FTIR  could  be  applied  only  to 
small  sample  sizes.  Consequently,  various  elec- 
ironic  iMcrfcrcnccs  intruded  on  the  weight-loss 
curves. 

The  temperature  profiling/FTtR  spectroscopy 
technique  been  d^ribod  elsewhere  {8).  About 
2  mg  of  neM  sample  was  placed  on  the  nkhrome 
HbbM  filament.  The  cell  was  purged  wHh  argon 
and  pre^uriud  as  desired.  The  infrarod  beam 
was  focused  sev«tai  milliov»en  ahowe  the  sam- 
|)l«.  With  the  spect'tmtcrer  scanning  at  If)  scans/s 
and  accumidaiing  two  spectra  per  Ak  at  4  cm" ' 
resolution,  cwrieni  was  applied  to  the  filatticoi. 
During  the  tntftal  1-4  s.  ramp  healing  occurrsd 
Afipr  ihj«  tittK  ?lic  final  temperature  w»  reached 
an»)  wsuvid  conriam  (or  tlic  remaining  10  s  of 
data  acquintmo  As  i»  SMAT’CH/I^R.  th? 
tpoctra  of  the  gas  produav  were  cooseth^d  to  the 
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relative  percent  cornposition.  and  IR-inaclivc 
species  were  not  inclu^. 

Isothermal  and  dynamic  Ihermogravimetry 
(TCA)  were  carried  out  on  a  DuPont  Instruments 
2000  thermal  analyzer  with  a  951  thermogravi' 
metric  module.  Dynamic  thermogravimetry  stud' 
ies  were  tun  at  a  linear  heating  rale  of  TC/min. 
Between  l.S  and  2.5  mg  of  sample  was  used  and 
a  flow  rate  of  20  ml/min  of  Ar  eaisted  in  all 
cases.  The  DuPont  model  910  diflerential  scan¬ 
ning  calorimeter  (DSC)  was  used  to  determine 
the  enthalpy  change  of  2.S-3.5  mg  of  sample 
heated  at  a  linear  rate  of  l*C/min  under  an  Ar 
flow  of  20  ini/min. 

KINETICS  OF  DECOMPOSITION 

The  kinetic  constants  of  thermal  decomposition  of 
bulk  samples  of  energetic  materials  are  sensitive 
to  a  myriad  of  experimental  and  physical  vari¬ 
ables.  important  experimentally  controlled  vari¬ 
ables  include  the  healing  rate,  sample  tempera¬ 
ture.  and  pressure.  Fdr  example,  low  temperature 
and  stow  heating  rate  data  on  solids  pertain  to 
slow  cook-off  stability.  Without  empirir^  scaling 
(9|,  these  data  cannot  be  applied  to  the  combus¬ 
tion  regime  where  a  high  temperature  and  healing 
rate  exist.  We  now  have  metitods  to  measure 
kinetics  at  both  tow  and  high  heating  rates,  which 
enables  the  relationship  of  the  kinetics  of  slow 
and  fau  weight  toss  to  be  better  understood. 

Kinetics  tt  rc/Min 

Ttie  nonisolhermal  kinetics  method  is  subject  to 
criticism  (10],  For  this  reason,  the  rate  of  gradual 
wd|hi>loss  was  compared  under  isodie/mat  and 
nnnisoihermat  eooditiofts  by  TQA  during  the  ini¬ 
tial  20K-40%  of  weight  1^  where  dosowposi- 
tion  of  the  aiide  group  dominates.  The  rate  con- 
k,  ter  tsotbcrwal  tkeampoahuio  wore 


calculated  from  Eq.  I  and  arc  given  in  Tabic  I. 
Approximate  first-order  kinetics  <s  followed.  The 
fractional  weight  a  is  defined  as  t  F/o-  lf')/lf'„. 
as  is  frequently  done  in  TGA  measurements  (II]. 

is  the  initial  sample  weight  and  IF,  is  the 
weight  at  time,  1.  Figure  I  shows  the  Arrhenius 
plots  and  Table  2  gives  the  resutting  rctivxtion 
energy  £, 

-ln(l  -  a)  =  A/  +  c  (I) 

and  preexponential  A  values. 

llic  kinetics  were  determined  under  nun- 
isoihermal  conditions  (TGA.  dT/dt  =  l*C/min) 
by  the  use  of  Eqs.  2  and  3  (12.  13), 

^  =  (2) 

where  k(T)  =  Equation  2  can  be 

simplified  by  the  use  of  a  linear  healing  rate 
dT/di  =  ^  and  integrated  to  yield  Eq.  3  when 
fl  =  I  (14): 


Figure  2  shows  ilic  Arrhenius  plots  and  Tabic  2 
conuins  the  Arrhenius  raostants.  As  can  be  seen, 
approximate  hrsi-order  kinetics  is  followed. 
However,  we  caution  that  this  (act  tells  tittle 
about  the  nKchanism. 

The  Arrheflius  coAstants  in  Table  2  are  cssen- 
tiaily  the  same  within  experimenut  error  for  bodi 
the  isothermal  and  nooisotliernial  kinetics  r«<cth- 
ods.  whicb  lemte  cooltdenoe  io  the  use  of  non- 
isothermal  methods  for  these  azide  polymers,  the 
aetivuiioo  energies  m  Table  2  are  in  the  tan|e  of 
those  measured  from  the  change  of  mfeasuy  of 
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2.06  2.1  2.14  2.18  2.22 

10f*/T(K'') 

I.  Afiiieatus  jptocs  (oi  tajuinaStyl  pgiymat  ntuMucdtgr  te  iieifeena*!  TGA  larthwl 


the  N}  peak  ia  the  mass  specuum  of  these  com- 
poo^  (IS)  and  by  DSC  (16)  and  DTA  (17). 


Kinetics  *i  tS0*C/s 

Considerable  care  was  taken  with  the 
SMATCII/FTIR  experimeots  to  employ  a  film 
thin  enough  to  opUmixe  ceraperatuie  uniformity 
during  the  heating  pAase.  A  20-6B->nHhkli  film 
enabies  a  beating  ra^e  of  about  lS0*C/s  to  be 
achieved  with  a  tcmpcramre  gradkM  of  <  5*C 
across  the  film.  This  ainouni  of  material  is  suffi- 
dent  to  obtain  the  retired  mass  change  and 
spectral  data.  Rapid  wdghtdoss  kinetics  were 
msasured  by  SMATCN/r.lR  tot  AMMO  and 
GAI^,  but  oould  aor  be  tktemiaed  (or 


because  the  heat  release  was  so  vioieni  that  the 
vibrating  tube  Cuted  to  maintain  resojunce.  Fig¬ 
ures  3  and  4  show  the  composite  ptots  of  the 
SMATCH/F11R  dau  for  AMMO  and  GAP.  re¬ 
spectively.  The  initial  80%  of  the  weight-loss 
curve  was  fir  to  the  polynomial  Eq.  4  by  using  the 
coefiicients  given  in  Table  3.  The  harmonic  ttoise 
in  Figs.  3  and  4  is  ekctikal  interference  and  docs 
not  strongly  afoct  the  goodoe^  of  fit  of  the 
polynomial  because  the  number  of  eaperimental 
dau  pt^ut  in  the  weight-loss  step  (15-20)  is 
su^dentiy  large  to  give  a  good  represenoiion 
with  Bq.  4.  the  weq^-loss  curve  'tm  expanded 
in  time  su  that  the  best  (U  could  be  obtained. 
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’  BAMO 
-  GAP 


1.98  2.02  2.06  2.1  2.14  2.18  2.22 

10*/T(K**) 

Re.  2.  AkIk;^  (lau  caostuo)  ti)r  oMtoitbowtl  TGA  wahn^t  for  uidiiVMAyi 
gctj«a*. 


The  derivative  of  Ef).  4  gives  darjcfi.  I>«  ihW 
way.  Bq.  2  eta  be  solv^  h^  the  derivative  cneihoi 
to  yield  Eq.  S  sad  obtaia  and  tog  A  after 
Eadiog  the  vake  of  « that  liaeames  the  eqtutioo. 


As  showo  in  Fig.  S.  «  >  2  is  aFfNropriate.  Ths 
^^mfierature  eorvespoodiog  to  eat^  I  -  o  data 
poioi  is  tahea  from  dte  digittsod  thcraueoapk 
data.  Despite  eansiderabte  to  the  beo! 
po^xi  to  plaoe  the  thermeeoopk  to  mioutuK 
(he  lemjKmore  lag  due  to  slow  heat 
there  k  »  iiieviubtE  small  &»tiperai^ttre  Ug.  (a 
dtis  eaperioteot  ^  tag  affects  4  more  Utaa 

4  gives  the  sohitimtt  of  Bq.  5  for  AMMO 
and  GAF  ^oog  with  the  icatptrmmre  ranges  ta 
whkS  (h^  4ma  were  earrusted,  the  vatue  ef 
a  ^  2  do^  hot  iropty  that  high  tm  dceomp^- 
tem  of  these  polymers  k  a  seoaAd.order  pruom 
the  vahae  Of  a  to  Bq.  2  n  limply  a  paraaietcr 
ehutcu  to  git«  oorutal  Anfteows  behavior. 


Compartsoa  of  Riaerks  ai  Low  ay»d  lligii 
Heotiag  Rates 

The  spociS?  teacUM  rates  in  Titles  2  and  4 
oieas'trcd  by  eoaitothettnal  TGA  and 
SMATai/FTtR  ia  diflereai  tetrpeiatore  nnges 
tails  liaking  one  anther  by  several  orders  of 
magakode  fib}.  On  this  basis  «inae  IGA  Liaetks 
e^d  aoi  be  espe^cd  to  tsplaia  combustion  be- 
bavior.  SMAtCH/FTtR  feiaokc*  (vide  iafia)  are 
able  to  burn  rate  data,  suggesting  4lMa  they 
m.  ekoely  related  to  what  oootra  during  (he 


the  fad  dtai  we  have  eapcrtnaenuUy  dker* 
etined  the  fyvmi  of  1^.  I  al  1^  (TGA)  and 
ihMATCHfFttR)  hcatiog  rates  enables  the  tk> 
tads  of  die  ede^  of  tW  heaiiag  rate  on  the 
weigy-hoii  ijo^ics  to  be  uodcrirtiOd  more 
eiearty.  ^ooe  Eq.  1  i$  a  ipcei^  ease  of  Eq-  I.  dte 
two  eaperinvmu:  Can  be  compared  with  ^ 
the  temperaeurt  dependeoce  ^  the  tietdbm  rate 
eaprcsied  by  Bq.  $  dcprmds  on  the  prisdget  of  die 
tatc  of  woi^  dut^  iditfde}  and  total 
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Tinne(sec} 

}.  SMATCH^FHK  Kftrfu  ammo  ■*<  Kacce«M  <kMt<v 

WMAt.  N)  U|«ccc 


o(  the  Miapte  ((  ~  er)  '*  M  aa>^  paitkulM  qt  ti  s  2  (ufb£ir  t$  neaM  (o  (he 

(tme.  Ftfurcs  6  4a>l  7  Kitm  SI4ATOI/Prtfi  ta  f*a.  we  &»«« 

tat  ammo  (V^ca^  oa  lae  .  ta  ilte  ^  ir  «  ;S  ^  (he  Mtwtlkid  ciiiaaeai  th^i  a  ehte  ta 

stow  heMtn^  rate  tOA  exfettmeat..  ^  £  revests  liaeMoe  $MATCHf‘FI1&  -iM»  tot  a  wtde  raa^e 
thM  dtt/ife  «  S<«sitt««  «o  he-  <»<  eatapewaiij:  t7.  Cfe»$>\  the  vitoc  at  *  (i 

«isaie  the  ehaa|}e  hcfias  caetetr  ^  (Miametee,  Aat^  (etMiaa^  at  a 

eeietate^  laiaitty.  ta  the  Gm  tatu 

SMATCtl/FTtit  ea|peiisaeai.  4<»^4f  »e«sMwt  betamit^ws. 
mta^xA  Urn  wet$M-ta«& 

gic^  «e^.  Masatly  WtaCMoa  ftc  lUlMtawAi#  at  tW  Uartitt 

leea^esMute  dcneatteoie  at  ^  tt«3«aa  e»ie  m,  ^ 

.taw  (KMitii  tmt,  hut  mum  hl|h  iMMhig 

t  Shaw*  ijat  fitc  tewste  *i  taie  ot  fte  tlK  ^ATCM.|^tt  en^tts*^  »Mcai^*  so 

|S  a}""*  t*a»  feesats  the  tt»i$  elMage*  stawti?  t^ame  the  tec^^iSt^e  iiaj  hchia^  late 

(A  t}^  slo(>«  he^iai  sMe  exiteria«gai  Mid  this  hM>  a  ta  dsc  tea^taa  laag  at  the  aaadcAied 

(ttiaor  c<^  a«  lie  *Me  eeMiiuwjf.  whatea*  M  Oi*  tag  (r^a^nAitiqa  ft  the  tt3teU(.ta)s  i*  »cia*fMe.  (he 

heaiiai  #Me*  the  0  »  @1"^  ietta  4  the  awes-  '  lt^»e  eaetMtiit  feaat  SMaTCM/PTIR  shacy 
wheiails^  eenUiMer  la  Ae  scatgeeiafie  de^wiS'  ^  hsi«  at  the  eutctMl  nhtu  ^ 

c(^<a-ihtr  rarteeaaMia^.  Oaaiei^faeattv^  deii^Miec  awi  fsmpctatst^  Me  the  Mae  fat  hath 

ef  a  turn  a  Mcaag  laSwcnce  aa  ^  fiaeMh|r  at  &;  esrcttMeateai.t.  Beta  rae  dMs  (m  dAf  iMe  3t^- 

S  M  hi^  hdchig'tMes  the  TdA  data  Me  Ua-  ahfe|ftL*hHacMhtc«tAt«m<sMtta|«Bu4c: 

«ttts93  wiJh  t.  If  I  is-^Med  for  the  fewaf>»»,  t,  atec*ji<tt.uh*e  w  Ar«he(Mif**l»fe 
ShfAtlCtl/PtlR  4*M.  a  aegMiwc  *»»«c  ^  is  forta  !29i.  Pet  itriwghtfotWMd  «ic  ?sf  (he 

IpradusedMihetifoeefetiit^eiafiKetMigie.  A  «a3ue  ShlAtCH/Pf  ftl  data  ip  cjiodMC  a  huta  rate,  we 
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TtepNtw«e«M  I 

urn  A*. 


fuve  used  w  »iiFUi(90  of  tlus  coaecpi  in 
Eq.  6,  wEcfc  A  is  (be  tbiefcaess  of  (be  EU»: 

^(awi/i)  »  (6) 

Tbis  equ4(iaa  bas  vsiidfty  if  (be  6tw  h 

4p(»:^i4uuet)r  (be  am  as  (be  feactkxi  m»c  ef 
(be  buiBie^  KuaeiUI  id  i  aya.  A  2d.>60  s<(O'tbick 
rcaeU^  m(K  h  qut(e  reasaaaMe  » (bii 
8f  vmg  ^  Affbettius  mmim  ia  T«^  4  far 
OAF.  (be  eaFesiracatd  bias  (bktaess  af  30  ftta. 
s*4  t  -  |gi‘C  4).  a  «4ae  df  r  «  US 
ttm/i  i$  fraai  (be  SMATCHffTIR 

41 1  ktu  ttfiii  regiesslM  rate  carafes  «iui(e 
(be  btwa  c3ie  far  OAF  ef  ^  ^  1.7 
aaa/s  abraiaed  (etua^otMiAg  (be  bibber  ^c»‘ 
3^  aa  leraFeraiitire  leapiivtt;  {4g(»  af 
Kwlao  aoj  Saaabe  |I7|  (d  f  mu.  tius  k  (be 
kvae  (ewd  at  «  d(4i  far  (be  buia  rate 

eakwlaied  frata  SMAYai/FflR  dbu  ead  tae^u^ 
(Ktd  far  cacobwiiiaa  af  niirrfopilubae  Mcdfder.  ni 
tb«^.  (be  f^  (biti  (be  SMATCW/iTlR  ki<K<Ks 
dad  c;aa  rearatu^y  maleb  liMfl*  rat^  aicaaared  w 
vamc  {ireuiue  xnl  (eiftpcftture  tajifc 


(hai  the  film  of  satnpie  in  SMATCH/FTIR  simu' 
tales  (be  condensed -Ftme  surface  reaction  region 
during  corahu5(ioR  of  (be  bvtk  nmerial.  The 
ebenustty  iba(  is  indkaied  by  (be  gas  i;»roduets 
observed  («  SMA'^H/FtlR  sgotirtHcopy  U 
bhely  to  be  eiseniiatty  (be  same  as  (bai  occulting 
to  (be  eoadeftusd  pKase  during  eombusiion 
Refore  dr^rsbing  (be  cbcoiicat  inxorinaiicn 
leari^  rrom  SMATCH/FUR.  rf  ruJtdS  (0  be 
empbaanoJ  itdi  ute  da  aai  gropaite  to  use  (be 
baefic  eotistanu  from  SMATCH  (o  grodtci  (be 
burn  rates  of  naterdl*  ouyide  of  dre  pmme  and 
(crt^arure  ranges  mhcfc  (be  SMATCH/FTtR 
d^  were  meamroJ  (C|ae  reavan  is  ibai  n  «  6  in 
Ea  S  for  ibe  taumau*  of  a  proFetfam.  this  a 

bocausc  nass  is  conaanrly  bc^  repteafibiMi 
ibe  rcatripa  rone  by  ibe  ptopcitare  ^  adddian. 

n  a  sonaant  f«ii  ssc^y  joaie  vnotbUKiOo. 
ttie  left  ode  of  S  bKomes  ibe  prabna  of  (wa 
(anuaMs.  As  a  rirsvtt.  propetlaae  burning  bebaves 
4 .  a  rero  order  pOKess  (noead.  (be  purpote  of 

the  SMAtC^f/FftR  esperuncm  is  or  stmidatc 
tVjiiwIiitaiOii  m  a  rookoOM  «e<  of  condnMns  where 
bum  rales  fuse  twon  mrauuod  in  onb^  '■  ^s« 
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TABLE 4 


Kinetic  Panmeten  of  Azide  Polymers  for  Themal 
Decompotition  at  dT/dl  =■  lS0*C/$  by 
SMATCH/FTIR  Spectroscopy 


E, 

log  A 
(»■') 

T 

Polymer 

(kcal  mol  ■ ')'•* 

(*C) 

GAP 

42.3  ±  2.4 

19.0  ±  0.9 

242-260 

AMMO 

43.2  ±  2.8 

18.9  ±  1.3 

256-273 

'Apparent  reaction  order  n  =  2. 

*  The  average  of  two  experiments. 


insight  into  the  species  that  form  the  earliest  part 
of  the  flame  zone.  SMATCH/FTIR  is  not  de¬ 
signed  to  predict  bum  rates  over  a  wide  range  of 
pressures  and  temperatures. 


REACI  ION  EVENTS 


In  both  the  kinetics  data  and  the  near-surface  gas 
products,  there  is  mechanistic  information  about 
the  decomposition  process  of  these  polymers.  Ac¬ 
cording  to  the  data  in  Table  1,  the  rate  of  decom¬ 
position  is  GAP  >  BaMO  >  AMMO.  This  trend 
tcliows  the  trend  in  the  temperature  of  maximum 
heat  release  by  DSC  (Table  5).  The  correlation 
stems  from  the  fact  that  the  faster  the  decomposi¬ 
tion  rate,  the  faster  heat  is  released,  and,  thus,  the 
lower  the  temperature  the  heat  release  reaches  its 
maximum  point.  Were  these  polymers  not  closely 


related,  this  correlation  might  not  exist.  LH  of 
decomposition  (the  integral  of  the  exotherm) 
would  not  be  expected  to,  and  docs  not,  correlate 
with  the  reaction  rate.  Rather,  Table  S  shews 
A  H  follows  the  trend  in  the  weight  fraction  of 
the  azide  group  in  the  polymer,  which  indicates 
that  the  azide  group  controls  the  overall  decom¬ 
position  energy  release. 

The  similarity  of  the  activation  energies  in 
Table  2  to  those  of  other  alkylazidcs  f21J  suggests 
that  the  azide  group  largely  controls  the  kinetics 
through  reaction  7. 

RNj  -  RN  H-  Nj  (7) 

The  nitrene  intermediate,  RN,  is  unstable  and 
reacts  Anther  in  ways  that  are  analyzable  by  the 
gas  products.  Figures  3  and  4  show  the  quantifi¬ 
able  gas  products  from  AMMO  and  GAP  meas¬ 
ured  by  SMATCH/FTIR.  N^  is  not  shown  be¬ 
cause  it  is  not  IR  .ictivc.  It  was  gratifying  to 
observe  that  the  gas  products  sensed  s.ith  the 
SMATCH/FTIR  technique  are  very  similar  to 
those  observed  with  our  other  fast  thermolysis/ 
FTIR  methods  [22].  Thus,  the  many  previous 
studies  of  the  relative  concentrations  of  near- 
surface  gas  products  of  energetic  materials  [3] 
can  be  used  to  understand  the  thermolysis  under 
combustion-like  conditions.  Since  BAMO  could 
not  be  studied  by  SMATCH/FTIR,  the  relative 
concentrations  of  the  gas  products  were  measured 


IOVT  (K-’) 

Fi|E.  3.  Aobenius  pluts  for  the  Unetic*  of  weighi  Uus  ntezmreU  ai  aiioui  l30’C/s  by  SMATCH/FTIR 
ipectiOKOp/  of  AMMO  did  OAP. 


26 

I 


i 


t 


»  • 


» 


» 


» 


THERMAL  DECOMPOSITION  OF  ENERGETIC  MATERIALS 


165 


by  the  temperature  profiling/FTIR  method  (8]. 
With  this  technique  the  dependence  of  the  initial 
concentration  of  each  gas  on  the  static  pressure  of 
Ar  in  the  cell  can  also  be  determined.  These  data 
are  shown  for  AMMO,  BAMO,  and  GAP  in 
Figs.  8-10.  Note  that  the  data  at  1  atm  are  very 
similar  to  those  measured  by  SMATCH/FTIR 
(Figs.  3  and  4),  Plots  of  this  type  shown  in  Figs. 
8- 10  were  constructed  previously  [6],  but  differ 
mostly  in  the  fact  that  a  more  accurate  quantita¬ 
tion  factor  for  HCN  is  now  being  used.  There  is 
very  little  pressure  dependence  in  the  product 
concentrations,  indicating  minimal  heterogeneous 
gas-phase/condensed-phasc  redox  chemistry  for 
these  polymers  [23]. 

The  higher  energy  polymers,  BAMO  and  GAP, 


produce  small  hydrocarbon  fragments,  along  with 
CO  and  CH^O  from  the  backbone.  These  prod¬ 
ucts  form  from  reactions  associated  with  the  con¬ 
densed  phase  as  opposed  to  the  gas  phase  [24]. 
Since  the  nitrene  functional  group  in  reaction  7  is 
formed  in  the  methylene  azide  side  chain,  the 
formation  of  both  HCN  and  NHj  indicates  that 
the  nitrene  has  two  decomposition  branches. 
Based  on  the  higher  relative  concentration  of 
HCN,  the  dominant  branch  involves  C-C  fission, 
while  the  lesser  branch  involves  C-N  fission  and 
hydrogen  migration  to  liberate  NHj. 

AMMO  has  the  lowest  A//  of  decomposition 
of  the  three  azidopolymers.  The  lower  energy  of 
decomposition  leads  to  a  somewhat  different  frag¬ 
mentation  process.  CHjO  dominates  the  quan- 
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TABLES 

Tliermoclietnic«l  D«tt  for  Azide  t\>lyinets  Measured  by  OSC 


Potymer 

A«{J/g) 

*N 

AMMO 

233 

-1350 

33 

GAP 

221 

-2060 

42 

BAMO 

224 

-2670 

50 

tifiable  products.  The  low-molecular-weight  hy¬ 
drocarbons  found  with  BAMO  and  GAP  are  ab¬ 
sent.  In  their  place  are  one  or  more  higher  molec¬ 
ular  weight  products  which  can  be  identified,  but 
not  quantified.  As  shown  in  Figure  II.  ab¬ 
sorbances  are  present  at  901,  1168,  1370,  1448. 


J.  K.  CHEN  AND  T.  B.  BRILL 

1610,  1649.  and  1708  cm’*,  along  with  addi¬ 
tional  intensity  at  1103  cm~'  (some  of  which  is 
from  CHjO),  and  absorbances  in  the  27(X)-3000 
cm"'  range  not  associated  with  CHjO.  With  the 
exception  of  the  mode  at  1610  cm~'  alt  of 
these  rtrades  closely  match  those  of  bis(2'methyl- 
allyOaminc.  [HiC  =  C(CH,)CHjliNH  (25], 
The  mode  at  1610  cm"‘  could  be  the  N  =  N 
stretch  of  the  azo  derivative  of  the  2-methylallyl 
group,  (HjC  =  C(CHj)CH2Nl2.  These  products 
arc  readily  rationalized  in  the  decomposition 
scheme.  Following  the  decomposition  of  the  azide 
group  of  AMMO,  it  can  be  seen  that  clipping  the 
backbone  at  the  dashed  lines  shown  below  pro- 


Fig.  8.  The  dependence  of  the  initial 
concentrations  of  the  quantifiable  gas 
products  of  AMMO  on  the  Ar  pressure 
in  the  cell. 
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Fig.  9.  The  dependence  of  the  initial 
concentrations  of  the  quantifiable  gas 
products  of  BAMO  on  the  Ar  pressure 
in  the  cell. 
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•  %CO  I 

•  KHCN  j 

•  VK3 

•  VGOO  i 
o  «CH4 

•  K2H2 
X  tC2H4 


Pressure  (atm) 


Fig.  10.  The  dependence  of  (he  initial 
concentrations  of  (he  quantifiable  gas  prod¬ 
ucts  of  GAP  on  the  Ar  pressure  in  the  cell. 


duces  CH2O  and  the  required  2-methylallyl 
derivative; 


-OCH3 


C-CH, 


Recombination  of  the  coordinateiy  unsaturated  N 
atoms  would  produce  the  azo  compound,  while 


the  secondary  amine  would  form  by  recombina¬ 
tion  after  an  N  atom  is  eliminated  and  H  is 
scavenged.  The  fact  that  HCN,  NHj,  and  CO  are 
significant  products  from  AMMO  shows  that  a 
portion  of  the  backbone  also  degrades  into  smaller 
fragments  and  would  provide  a  sink  for  N  and  a 
source  of  H  atoms.  The  2-methylallyl  nitrene 
might  not  completely  recombine  to  the  amine  or 
the  azo  derivative  during  the  actual  combustion  of 
AMMO.  The  fermation  of  these  specific  stable 


4000  3440  20I3O  2320  ~1?GO  "^00  640 

WAVENUNBER 

Pig.  11.  The  tR  spectrum  of  (he  gss  phase  atiove  AMMO  heated  at  l40*C/i  under  I  atm  Ar. 
The  spectrum  was  taken  2.2  s  after  ilic  onset  of  heating.  The  starred  aburtiaaccs  are  (rum  the 
2-methyUllyt  derivatives  described  in  die  teat. 
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molecules  may  result  from  the  fact  that  no  flame 
is  present.  The  impottant  point  is  that  the  2-meth- 
ylallyl  nitrene  is  implicated  as  a  reactant  in  the 
combustion  of  AMMO. 

The  identification  and  partial  quantitation  of  the 
gas  products,  along  with  Nj  and,  possibly,  Hj, 
evolving  from  the  condensed  phase  of  these  poly¬ 
mers  under  conditions  that  simulate  combustion 
helps  connect  the  chemistry  of  the  condensed 
phase  to  the  combustion  behavior.  These  gas 
products  are  present  in  the  earliest  stage  of  the 
flame  zone  and  are  the  reactants  for  the  combus¬ 
tion  process. 

We  are  grateful  to  the  Air  Force  Office  of 
Scientific  Research,  Aerospace  Sciences,  for 
support  of  this  work  on  AFOSR-89-052I. 
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Therma}  Decomposition  of  Energetic  Materials  50.  Kinetics 
and  Mechanism  of  Nitrate  Ester  Polymers  at  High  Heating 
Rates  by  SMATCH/FTIR  Spectroscopy 

J.  K.  CHEN  and  T.  B.  BRIf.l.* 

Deparimeni  of  Chemistry,  University  of  Delaware,  Newark,  DE 19716 


Kineiks  and  mechanism  studies  of  (he  fast  thermal  decnmposiiion  of  9  45%.  11.7%,  and  13.4%  N  nitrocellulose, 
polyfvinyl  nilralc),  polytglyc'Olyl  nitrate}  and  polytmirattNUClhylmethyloietane)  arc  described  by  the 
SMATCH/KTIR  technique.  Kinetic  consiants  were  calculated  (itMn  the  weight  loss  and  leniperuiurc  traces  of  thin 
films  healed  in  the  IO0*-l.5O*C/s  range.  Ibe  power  rale  bs-  rtn.'iti  /Id  -  or'cspt  was  solved 

noni.solhcrnially  and  linearired  with  r>  -  2.  E„  values  of  31  -.34  leal  nvil  and  log  A  value.s  of  14.7-16.9  s  ' 
were  obtained.  The  simibrily  of  the  values  among  the  compounds  suggests  that  the  same  procevses  control  the 
weight  loss  in  ail  these  compounds.  The  kinetic  con.staiils  front  SMAT('H''n'IH  predict  the  burn  rate  of  the  sample 
wltcn  the  pressure  and  icntpcralurc  conditions  arc  the  same.  The  icbtivcis  stable  gas  products  that  ate  detected 
during  the  reaction  interval  indicate  that  an  etiensive  amount  ol  the  decomposition  cheinisiry  occurs  in  the 
comtensed  pha.se  The  deconiposiiion  reactiotts  at  the  beginning  of  lU*  weight  loss  are  similar  to  those  near  the  end 
ba.sed  on  the  constancy  of  the  relative  conoeiiiraiiuns. 


INTRODUCTION 

When  a  solid  material  bums,  a  steep  temperature 
gradient  is  produced  at  the  surface,  in  the  con¬ 
densed  phase  this  region  can  be  thought  of  as  a 
continuously  regenerated  thin  film  of  material  in 
which  heat  and  mass  transfer  are  driven  by  phase 
changes  and  chemical  reactions.  1  he  reaction  zone 
in  the  condensed  phase  is  thin,  transient,  and 
nonisothcrmal  1 1).  Accordingly,  the  physico¬ 
chemical  processes  ate  extremely  complicated. 
The  net  result  of  these  condensed  phase  processes 
is  the  release  of  gas  products  that  fonn  (he  flame 
zone.  The  identity,  concentration,  and  rate  of 
release  of  these  products  are  imptutant  cumpo- 
nent.s  in  the  combustion  characteristics  of  the 
solid. 

The  ct>mfiie.xtty  and  transient  nature  of  the 
surface  reaction  zone  makes  experimental  nriea- 
soremenu  nearly  impossible  to  conduct  under 
coitibustlitn  conditions.  Therefore,  it  has  been 
helpful  to  gain  insiglu  about  the  chemistry  hy 
using  techniques  titai  attempt  to  stmuhae.  some  of 
Uj«  conditions  |2,  5).  t-or  exanqilc.  rapid  healing 
of  a  itHn  filin  of  .sample  vchik  detecting  il»c 
dynamw  mass  cltange.  temperature  change,-  and 
near -surface  gas  produci.s  m  realw  near  reahhme 
IS  a  pfiifmMiig  strategy  (4.  5j.  .SMATC-TI/l-TtR 
spectrosci^y  igimMltaoct^as  A?4ss  and  Tempera¬ 
ture  C//ange/fTfR)  was  rkv^oped  with  these 

'i,-apwtsl5i  <!'  iwt  by  The  twoiiuie 


types  of  measurements  as  the  goal  (S).  Films  of 
20-70  ^m  thickness  have  been  heated  at  rates  up 
to  320*C7.s  while  the  mass  and  temperature 
changes  arc  measured  simultaneously.  Rapid-scan 
FflR  spectroscopy  is  used  to  identify  the  gas 
products  near  the  surface  and  to  determine  their 
relative  concentration  in  near  real-time.  The  ki¬ 
netics  of  mass  change  can  be  determined  from  the 
mass  and  temperature  change  profiles  by  using  a 
nonisothcrmal  model.  The  gas  products  give  an 
indication  of  the  decomposition  mechanism  under 
fast  healing  conditions. 

This  artistic  describes  SMATCH/FTIR  studies 
of  polynicrs  containing  energetic  nitrate  ester 
groups,  nitrocellulose  (NO,  polyfglycidyt  ni¬ 
trate)  (PCiN).  polyfvinyl  nitrate)  (PVN).  and 
polyfmiraiomethylmethyloxciancXNMMO).  The 
gas  products  from 
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the  rapid  decomposition  (6]  and  combustion  (7] 
of  NC  have  been  repotted,  but  kinetics  data  at 
high  heating  rates  do  not  appear  to  have  been 
measured.  Kinetics  studies  of  the  decomposition 
of  NMMO,  PVN,  and  PON  at  low  heating  rates 
are  now  available  [8],  and  the  gas  products  from 
fast  theimolysis  of  NMMO  have  been  discussed 
(6].  Considerable  research  on  the  kinetics  of  de¬ 
composition  of  NC  under  isothermal  or  slow 
heating  rate  (£  S*C/min)  conditions  has  been 
reported  (9-16).  TOA,  DSC,  and  vibrational 
spectroscopy  have  been  used  for  these  studies  and 
indicate  that  a  first-order  autocatalytic  rate  ex¬ 
pression  applies  to  the  initial  half  of  the  decompo¬ 
sition,  followed  by  a  second-order  rate  expression 
for  the  remainder.  The  activation  energies  cluster 
in  the  39-4S  kcal/mol  range  with  log  A  of 
I6-17.S  s'*.  The  results  have  been  interpreted 
as  showing  that  O-NO2  bond  homolysis  occurs 
in  the  first  phase  followed  by  chain  cleavage  in 
the  later  stage  (12,  14].  Likewise,  PVN  follows 
the  first-order  autocatalytic  rate  expression  in  the 
initial  50%  of  weight  loss  [8].  On  the  other  hand, 
PGN  and  NMMO  require  only  a  first-order  rate 
expression  without  autocatalysis,  perhaps  because 
of  their  lower  oxygen  balance,  viscosity,  and 
different  backbone  structure  (8).  These  slow-heat¬ 
ing  or  isothermal  decomposition  studies  apply  to 
the  conditions  of  slow  cook-off  {17),  but  it  is  not 
known  if  they  also  apply  to  the  fast  heating  rates 
that  are  more  represenuUve  of  the  foam  and  ftxa 
zone  during  ignition  and  coodiuslioo  of  the  solid 
propellaiu. 

Kinetic  studies  of  thermal  decomposition  at 
high  healing  rates  are  described  in  ihb  ankle  in 
an  attempt  to  address  the  question  of  how  the 
condensed  phase  of  nitrate  esters  degrade  und?r 
fast  healing  conditions.  The  heating  rates  achieved 
are  within  an  order  of  magnitude  of  healing  rates 
of  the  foam/surfaoe  region  during  combustion  of 
lypkal  rocket  propellants  (18],  and  are  3'4  or¬ 
ders  of  magnitude  faster  than  those  of  TOA  and 
DSC  me^uremenis.  The  resutu  reveal  that  the 
weigM-l^  kinetks  at  fast  heating  rates  are  dif¬ 
ferent  from  those  measured  at  slow  beaimg  rates. 


EKPEHIMENTAL 


Samples  of  the  r^HOpounds  studkd  in  thu  work 
were  generously  provided  by  others;  nuroccttu- 
lose  (Dr.  Y.  P.  Carignan.  Pkaitnny  Atscoali. 


poly(vinyl  nitrate),  (fir.  A.  Beeuwe,  SNPE,  Le 
Boucher,  Prance),  pcly(glycidyl  nitrate)  (Dr.  R. 

L.  Wilier,  Thiokot  Corp.),  and  poly(nitra-_ 
comeihylmelhyloxetane)  (G.  Manser,  Aerojet). 
NC  and  PVN  were  dissolved  in  acetone  and 
acetonitrile,  respectively,  and  caiefully  painted, 
onto  the  metal  end  lip  described  below.  The  lube 
was  dried  under  vacuum  at  room  temperature  for 
1  h.  PGN  and  NMMO  were  painted  on  as  neat 
samples.  The  sample  thickness  was  estimated  hy 
weighing  the  tube  before  and  after  application  of 
the  him  to  dcicriiiinc  the  amount  of  sample  ap¬ 
plied  and  using  the  area  of  the  end-lip.  Films 
were  lypkally  20-70  /im  in  thickness. 

The  SMATCH/FTIR  technique  has  been  de¬ 
scribed  elsewhere  (S]  so  only  a  brief  description 
is  given  here.  The  dynamic  weight  change  was 
measured  by  the  change  in  the  vibrational  fre¬ 
quency  of  a  camilevered  quartz  lube.  The  siain- 
less-steel  end  tips  attached  to  the  quartz  tube  were 
approximately  7  mm  in  length  and  were  flattened 
with  a  lab  press.  A  minimum  of  high-femperaturc 
ceramic  was  used  to  fix  the  flattened  end  lip  to  the 
quartz  tube.  A  type  E  thermocouple  (0.1  mm 
bead  diameter)  was  spot-welded  to  the  upper 
center  of  the  stainless-steel  end  lip  and  wrapped 
around  the  outside.  A  typical  sample  tube  weighed 
approximately  65  mg  and  resonated  near  130  Hz 
when  cantilevered  to  a  length  of  75  mm. 

initially,  the  empty  quartz  sample  tube  was 
mourned  in  the  cantilever  support  bMween  a  pho- 
toiransistor  and  an  LED,  and  po$iiior<ed  to  optt- 
niizc  vibration  fe»lback  and  control.  Heating  was 
effected  with  a  specially  designed  radio  f'^uenc)' 
induction  coil  situated  close  to  the  metal  end  lip. 
The  desired  healing  rate  (or  final  temperature) 
was  SCI  by  adjusitng  the  outptu  ieve)  of  the  RF 
power  supply.  A  refirrence  dtenru)  tra^  was 
obtained  by  healing  the  vibrating,  cmpry  quaiu 
lube  for  6  s;  the  thermocouple  data  were  stored  in 
an  IBM  PC 

the  enquy  quaiu  tube  was  removed  and 
weighed  on  a  ckctrobalance.  Typkalty.  ea. . 
0.2  I  mg  of  sample  was  applied  to  the  tube  as  a 
ilun  film  The  tube  was  weighed  to  determine  the 
imiial  sanqde  mass,  and  mounted  on  the  can-' 
idcvcf  support.  The  IR  cell  was  plaiecd  over  the 
end  tip  While  vibrating  the  tube  at  resonance. 
Uk  frequcocv  s-oltagc  converter  (FVO  output 
settwd  by  the  pbotortaAsistor  was  adjuited  to 
provide  a  0. 1  V  dc  tevd.  tins  adjmtmcnt  kepi 
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the  FVC  output  level  in  the  proper  range  (C  to 
•fSV)  for  AD  conversion.  The  initial  resonance 
frequency  was  measured  by  using  a  Hewlett- 
Packard  S300B  period  meter.  This  nieasurement 
correlated  the  initial  sample  mass,  the  initial  reso¬ 
nance  frequency,  and  the  initial  FVC  ou^iut  level. 

The  entire  sampling  device  and  the  gas  cell 
were  independently  purged  with  argon  gas  and 
maintained  at  IS  psi  Ar.  Following  the  purge,  the 
SMATCH/FTIR  experiment  was  quickly  initi- 
atol  by  sianing  the  rapid-scan  FTIR  data  collec¬ 
tion.  Ramp  heating  of  the  end  tip  typically  oc¬ 
curred  during  the  first  S-6  s,  after  which  time  a 
suble  final  temperature  was  reached.  Throughout 
the  6-.S  experiment,  IR  spectra  were  collected  at 
10  scans/s  and  4  cm' '  resolution,  and  FVC  and 
thermocouple  data  were  collected  at  about  160 
d'^u  points  per  sec  into  the  IBM  PC.  At  the  end 
of  the  experiment  with  nitrocellulose,  the  fre¬ 
quency  of  the  tube  was  again  measured,  and  the 
tube  was  reweighed  to  determine  the  final  sample 
mass.  The  total  sample  mass  loss  was  obtained  as 
the  difTerence  between  the  initial  and  final  mass. 
Intermediate  sample  masses  were  calculated  from 
the  FVC  output  data  by  using  the  linear  relation¬ 
ship  between  the  mass  change  and  the  square  of 
the  period  of  the  vibration  ($1.  For  the  other 
nitrate  ester  polymers,  the  wei^  loss  was  con¬ 
verted  to  a  (I  -  ot)  percent  scale.  IR  spectra  of 
the  gas  products  were  converted  to  the  percent 
composition  relative  to  CO;  of  each  gas  by  a 
method  described  previously  tl9|.  H^O  and  any 
IR-inactive  sparies  were  not  quantised  in  this 
procedure. 

TRANSPORT  PHENOMENA 

The  SMATai/FTIR  technique  enables  the  dy 
oantk  weight  change  of  the  sample  to  be  recorded 
as  a  function  of  time  and  temperature  as  Uu; 
sanqite  is  rapidly  heated.  However,  die  nucro- 
scopic  detail  of  the  thin  hm  is  cxpectod  to  he 
cor^kaiol  bo^ause  gaoheation  is  not  inuaaui- 
neous.  At  any  tiare  during  degi^dation.  the  him 
may  he  partly  in  contact  the  heat  source  and 
^atly  sr^iued  by  a  very  ddn  gas  layer.  As  a 
reudt.  heat  and  nuas  transfer  are  dt^odf  to 
analyse.  In  the  wona  scenario,  the  solid  sample 
falls  oB  the  end-ftp  widiout  reacting.  Another 
frilod  experiment  would  occur  if  the  sanqde  gasi- 
hes  more  vigorously  on  one  aide  the  felatnent 


chan  another  and  pushes  the  lube  out  of  reso¬ 
nance.  These  diflkuliies  are  readily  recognized  in 
the  weigf4-loss  curves  as  sharp  spikes  or  slope 
breaks.  Experimenu  in  which  this  occurs  are 
discarded.  These  problems  are  minimized  when 
the  thin  film  is  uniformly  deposited  on  the  end-tip. 
Therefore,  considerable  cate  was  taken  in  the 
preparatioo  of  the  sample  tubes. 

Heat  Transfer 

To  relate  the  kinetk  paranKters  to  the  true  behav¬ 
ior  of  the  nulcrul  during  decomposition,  the 
temperature  and  the  mass  change  at  that  tempera¬ 
ture  must  be  genuinely  related.  That  is,  the  relax¬ 
ation  rate  of  the  temperature  in  the  film  must  be 
at  least  as  fast  as  the  heating  rate  so  that  the  film 
maintains  a  constant  temperature,  if  this  condi¬ 
tion  is  met.  then  the  measured  temperature  is 
characteristic  of  the  chemistry  taking  place  in  the 
bulk  sample.  The  maximum  heating  rate  for  which 
the  temperature  is  uniform  in  a  film  of  thickness  / 
in  meters  is  given  by 


where  r,  is  the  relaxation  lime  for  the  tempera¬ 
ture  gradient  in  a  film  of  the  polymer,  is  the 
heat  capacity  <1.25  W/fcg  ‘  K  at  I20*C  fw  I3%N 
NC  |20}).  p  is  the  nominal  density  (I  .S  5<  10* 
kg/m*  for  NC).  and  h  is  the  thermal  conductivity 
a3  X  10  *  U/s '  m  •  K  for  I2«N  NC  |2I|). 
to  a  quatiiaiive  way,  the  heating  rate  and  film 
ihkknw  can  be  related  by  Eq.  I.  t,  4  k  10'^ 
s  for  a  blm  thkknets  of  'TOpm.  this  is  the 
approxtmaie  tune  at  which  the  film  is  able  to 
e^ibraie  a  change  in  lempcrature.  If  IK  accu¬ 
racy  in  the  lempctature  data  U  sought,  then 
dTidi  can  he  no  foMcr  than  l/r,  or  25  K/s.  If 
4-K  accuracy  is  toughi.  then  be  siboui 

IW  K/s.  SwKc  the  healing  rate  m  the 
SMAtCH/FTIR  cxpcrtmcw  during  decompOM* 
tion  was  typtcally  H0*C/s.  this  anslysi*  indt- 
csiex  that  the  film  thickoecs  should  be  st  50  pm 
for  l-K  accuracy.  As  a  result,  anempis  were 
made  to  achieve  a  film  thkMkSs  (.i  this  rat^e 
The  ndroceitulmc  films  were  usually  soosewhat 
thicker  Osan  30  pm.  whrle  the  uther  nitrate  &3xt 
films  studied  were  50  pat  or  less  in  thkkhesv 
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MassTraiufcr 

The  effect  of  mass  transfer  on  these  fast  heating 
experiments  was  tested  by  determining  the  sensi¬ 
tivity  of  the  weight-loss  curves  to  the  initial  sam¬ 
ple  mass.  No  effect  was  found  for  masses  less 
than  t  mg.  indicating  that  in  the  design  of 
SMATCH/FTIR.  mass  transfer  is  not  an  impor¬ 
tant  factor  provided  the  sample  mass  is  small  and 
the  filni  is  thin  and  uniformly  deposited. 

GA.S  PRODUCT  ANALYSIS 
NC 

Many  of  (he  previous  studies  of  the  chemistry  of 
thermal  decomposition  of  nitrocellulose  have  been 
reviewed  {22|.  Three  samples  differing  in  (he 
percent  nitration  were  studied  here.  In  13.4%  N 
NC.  2.73/3  of  (he  OH  groups  of  the  ^•1.4-gluco- 
side  unit  are  nitrated.  NC  samples  with  ll.7%N 
have  2.16/3  nitrated  OH  sites,  and  9.4S%N  has 
I.S7/3  niuated  sites.  All  three  compounds  vigor¬ 


ously  decomposed  on  heating  and  gave  similar 
SMATCH/FTIR  results.  PhiUips  et  al.  (9)  also 
reported  that  the  %N  had  IMe  effect  on  the 
kinetics  of  decomposition  of  NC  at  low  heating 
rates.  Although  the  temperature  rise  in  the 
exotherm  of  the  sample  containing  13.4%  N  is  \ 
somewhat  greater  than  in  the  samples  with  (he 
less  N.  the  shapes  of  (he  weight-loss  curves  are 
similar.  Therefore,  only  the  SMATCH/FTIR  data 
for  I3.4%N  NC  is  shown  (Fig.  1).  The  gas 
products  are  detected  simultaneously  with  the  on¬ 
set  of  weight  loss  at  I7S*C.  This  temperature 
closely  resembles  the  onset  of  weight  loss  by 
TGA.  The  gas  proditets  from  all  three  samples 
are  <tuitc  similar.  NO  dominates  NOj  as  the 
oxidizer  reaching  the  gas  phase.  The  extensive 
amount  of  reduction  of  NO*  results  in  a  large 
amount  of  carbon  oxidation  as  evidentxd  by  the 
CO  and  CO;  liberated.  HC(X>H  and  CHjO  are 
also  signiftcam  products.  CHjO  was  found  to 
form  in  relatively  higher  coocemraiioa  as  the 
percent  N  in  (be  sample  decreases.  It  has  been 
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shown  that  nitration  of  the  -CHiOH  sites  of  the 
cellulose:  backbone  is  favored  over  the  secondary 
•OH  sites  (23).  CH ^O  has  been  proposed  to  form 
from  the  -CH]0N02  groups  (24).  Hence,  CHjO 
is  expected  to  be.  and  is,  relatively  more  preva¬ 
lent  in  the  less  niuated  samples. 

HCOOH  has  been  identified  previously  as  a 
product  of  decomposition  of  NC{24-27]. 
SMATCH/FTIR  studies  of  NC  samples  having 
an  even  lower  percent  nitration  indicate  that 
HCOOH  forms  after  most  of  the  other  gas  prod¬ 
ucts  afipear.  This  suggests  that  HCOOH  is  pro¬ 
duced  by  the  residue  after  most  of  the  energetic 
nitrate  ester  sites  have  decomposed. 

PVN.  PON.  and  NMMO 

Figures  2-4  show  SMATCH/FTIR  data  for  PVN. 
PGN  and  NMMO,  respectively.  CHjO  is  the 


dominant  product  from  PON  and  NMMO,  which 
conuin  only  -CHiONOj  sites.  CHjO  is  rela¬ 
tively  less  prevalent  from  PVN  which  possesses 
no  primary  alkyl  nitrate  sites.  The  fact  that  CHjO 
forms  at  idl  from  PVN  indicates  that  CH^O  is  not 
solely  formed  by  these  primary  alkyl  nitrate  sites. 
As  with  the  NC  samples,  CO  and  NO  are  major 
products.  However,  for  both  PVN  and  PGN. 
HONO.  as  well  as  NOj  are  detected. 

The  gas  products  liberated  from  NC.  PGN, 
and  NMMO  contain  large  amounts  of  NO.  CO, 
and  CO;  and  lesser  amounts  of  NO;  and  HONO. 
This  finding  indicates  that  an  extensive  amount  of 
reaction  takes  place  in  the  condensed  phase  be¬ 
fore  the  products  arc  released  |6. 28).  It  is  widely 
believed  that  O-NO;  humolysis  is  llte  initial  step 
in  the  thermal  dccomposilioa  of  nitrate  esters 
(reaction  2)  (9- 16).  However,  except  when  reac¬ 
tion  2  occurs  on  the  surfaK.  the  NO;  must 
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(l>a)-i:o/U  =  2or3)  (9) 

do  i 

(w) 

dt  tsi 

Ttie  lime-defivaitve  of  Eq.  9  is  shown  in  Eq.  tO. 
Therefore,  only  a  single  tbenaogram  is  retptired 
for  the  determioaiioo  cf  the  kino^  parameters  in 
the  SMATCK/FTtR  esperioeni.  By  using  uUl- 
and-ertor  modifictfion  of  n.  a  $tni|^  line  is 
achieved  when  the  left  side  rtf  Eq.  1  is  ptooed 
against  l/T  in  the  initii)  $0%  weigM-toss. 
When  n  »  2.  the  plots  are  showt:  in  Pig.  6  for 
the  three  samples  of  nitroeeltulnse.  The  tntereepi 
givt^s  Uk  vsdue  for  A  and  (he  slope  yields  a  value 
for  (Table  2).  The  terms  “ae^vauao  energy" 
and  "reaction  order"  are  earned  over  from  the 
nomenclature  of  homcgfioeotB  aystms  even 


1.  K.  CHEN  AND  T.  B.  BRILL 


cuKtOienUI 


0  2  4  6 

tHa  S  The  etpettraeAUl  wei|>tM'l>Ms  tuni«  (dt  IT  4%  M  NC 
mi  (be  vak'ubtot  euA«  bi  uswa  Mr<vwu«l  tcsietMiw 

though  they  do  not  necessarily  have  the  same 
Rseaning  when  applied  to  these  heterogeneous 
decomposition  processes  |3I|. 

The  kinetics  data  analysis  described  above  dif¬ 
fers  from  the  nrodels  usoJ  previously  to  interpret 
fhefTnogravimetric  data  for  NC  whra  dT (dt  < 
$*C/min.  At  slow  healiag  rates,  a  first-order 
autocaialyik  reaction  in  the  inthictioa  step  fol¬ 
lowed  by  simple  second-order  kinetics  is  ^4e  to 
fit  the  global  weigid-loss  curve.  When  a  fitst-order 
kinetic  eapressioo  t$  applied  to  the  SMAT’CK/ 
ETIR  data  in  Figs.  1-4,  the  activation  energy  is 
negative  in  the  lower  temperature  range.  Nega¬ 
tive  values  cut  oantr  hut  ate  unlikely  under 
the  conditions  that  are  present  in  the 
S-MATCll/ITIR  caperimcni.  Thus,  the  global 
decomposmon  processes  of  these  nitrate  esters 
heated  ai  >  tdO*C/s  are  better  described  by 
Eqs  T  and  H  wuh  n  »  2  than  by  d»e  first-order 
model.  The  fret  drat  linear  functi^  are  btnaiasd 
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TABLES 


Kiatite  Pimmcicn  ol  Niuiie  Eitcf  Mynen  Ibr  Tlieniiil 
Dwowpoiiikwi  H  &ritb  >  IOO’C/>  ty  SMATCH/FttR 
SpocUMhrapy 


Mynier 

EtkeaJ/mol)*-* 

lot  A  (O' ' 

NC(I3.4«N) 

32.6  t  0.1 

16.4  2  0.4 

NCill.7ftK) 

33.7  t  1.3 

16.9  2  1.0 

NC(9.4S»N) 

33.1 1  2.3 

16.7  2  0,1 

PVN 

32.1  2  0.2 

13.9  2  0.3 

KSN 

31.1  2  2.1 

14  7  2  07 

NMUO 

33.3  2  1.3 

16.4  2  0  3 

reKboa  order  «  »  3 
*The  »«eia(<  td  (txo  r«pc(utKM». 


(Rg.  6)  wilh  n  ~2  does  oot  mean  that  the 
decomposiiioo  process  U  oecesswily  second-order 
in  the  usual  sense  of  chemical  kinetics.  The  ther¬ 
mal  deconqiositi&n  of  these  nitrate  esters  is  a 
heterogeneous  process  in  which  all  of  the  rcac- 
tKsos  and  diSusion  terms  sre  lumped.  The  value 
oi  A  s  2  is  an  empirk^)!  parameter  chosen 
to  tiitaearize  the  power  rate  law.  The  sitniUrtry  of 
the  viiiues  of  and  tog  A  for  the  sis  nitrate 
ester  polymers  dacomposod  at  a  high  heating  rate 
sug^ifsts  that  the  gNhaJ  kinetics  of  decomposition 
is  dommated  ^y  the  same  prooesses.  The  similar¬ 
ity  of  dte  values  is  not  an  anifact  of  the  toethod 
heem^  odier  classes  of  compounds  vkld  differ- 
m  values 

This  study  shows  that  die  capressioas  that  (in- 
earttc  the  rate  data  for  the  decoRspaBstioo 
of  nitrate  esters  rtepcad  on  the  heating  raw.  Ttiss 
is  imam,  the  ten  sakol  Eq.  7  has  two  variahks 
At  sbw  heat.iag  rates  f*  5‘C/mm),  the  weigUt 
{as*  of  most  n^rme  is  Itess-or^  or  first- 
order  n«Aoca^ytie  thrnu^  the  ^  S&%.  fol¬ 
lowed  hy  A  secood'Ordcr  pms«&s  m  the  latter 
|S.  IJ,  1*1,  Th?  two  arc  Sirftafai.e4  hy 
a  diii£3nit$aity  dtai  has  heen  tnterpr^ed  as  mcm- 
ing  fits  hoenaiysis  domkiatcj'  in^i^ly 

hjp  the  domioanee  etein  ckavage  U'2i 
{*1  dk  decompOMt.ion  Ukes  at  a 

high^  he^it^  raw  i  ss  li30*C/sJ,  the  rate  etpre*- 
isnt?  has  d*4  fosli  of  app^ent  Sosood-O*def  pro- 
srsts  in  the  caitgai  of  weighr  loss.  We  stTv^s 
that  dot  dees  it^y  dsM  a  socond -order  cle- 
nveotary  rOKtioa  is  Kiktng  place  horawse  mass 
i  Iavs  w  a  giehd  hcterOpwcoas  process  mvotvm^ 
many  nnKtiocu  as  melt  as  4iff0s«oci,  tik 

mino  (faifNMtaatr  pokl  is  that  the  d«r/4f  and  /i«r) 


terms  in  Eq.  7  hive  diflerenl  imporunce  at  stow 
and  fast  healing  rates. 

It  is  well  known  that  the  kihetics  determined 
with  stow  thermal  decomposition  techniques  do 
not  explain  combustton  data.  We  were  interested 
in  establishing  whether  the  fast  decomposition 
kinetics  from  SMATCH/FTIR  spectroscopy  ap¬ 
ply  to  combusiioo.  Indeed,  they  match  the  tegres- 
sioo  rate  measuremenu  of  double  base  propel¬ 
lants  (mostly  NC)  during  combustion,  but  a^y 
only  in  the  range  of  pressure  and  temperature 
where  the  kinetics  were  measured. 

Various  surface  tcmperaiuies  in  the  I7S-30U*C 
range  have  been  reponed  for  douNe  base  propel¬ 
lants  tu  1$  psi  |33i.  Despite  the  high  healing  rates 
employed  in  SMATCH/FTIR.  the  decomposition 
temperature  nutge  achieved  is  I80*-200*C  at  the 
tower  end  this  ran^.  SiiU.  this  petmiis  a 
comparison  to  be  made  of  the  kinetic  constants  to 
the  burn  rate  expressioo.  The  dnjdt  /(a)'* 
term  in  Uq.  7  expresses  the  nde  of  regression  of 
mass  in  the  temperature  range  of  the  SMATCH 
experiment.  The  regression  (burn)  rate,  r.  of 
materials  is  expressible  in  a  form  similar  to  Eq. 
7.  but  with  units  appropriate  for  the  burn  rate 
(Eq.  1 1).  where  h  is  the  sample  thickness. 

(111 

By  using  the  diickAess  of  TO  pm.  T  »  |80*C. 
and  the  parameters  for  I3.4%N  NC  in  Table  2.  a 
value  of  f  a  0.3  wm/s  is  obtained.  This  is  close 
to  the  rc|ressioo  rate  (0.4  mm/s)  fur  a  dochic 
base  piopeUant  under  the  same  pressure  and  tern- 
penuure  oondotom  {)>). 

CONCLUfstONS 

t .  Use  gas  producu  evolved  fiom  Ose  fast  ther- 
taolysts  of  these  niiratc  e*w«  potynsers  tadi- 
eafe  Osai  an  exiemtvc  amount  of  tcaettoii  has 
taken  m  the  cor^emed  phase  before  the 
appeal,  the  gtah»l  kt«e(«cs  are  con- 
tr^ksi  hy  thew  readioAs, 
a.  the  reactions  at  Ore  hegtnning 

of  ^  wetgta  toss  pnadusc  ^  same  products 
-ss  olvme  latci  m  the  def  tadaiion  Iwvod  on  ihc 
smnlarsty  of  the  initial  proiducia  and  the  final. 
tw»^-.sta(c  ptodiKts 

S.  Ihe  Ctl  jttNOj  groups  cs«sihutc  grcarly  to 
amwm  of  Ctl*0  fortned,  llo»«set. 
di}0  is  fermed  to  some  extern  e«en  when 
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this  primary  alkyl  nitrate  pendant  group  is 
absent  as  evidenced  by  its  presence  in  the 
thermolysis  of  PVN. 

4.  Weight-loss  metburements  at  slow  and  fast 
heating  rates  produce  different  kinetic  rate 
expressions.  A  second-order  power  rate  law 
linearizes  the  data  in  the  first  30%  of 
weight-loss  at  high  heating  rates,  whereas  at 
low  heating  rates,  a  first-order  autocatalytic 
rate-law  applies. 

5.  The  similarities  of  and  log  A  for  these 
nitrate  esters  decomposed  at  high  heating 
rates  suggest  mat  similar  overall  reactions 
and  transport  properties  dominate  the  decom¬ 
position  process  under  these  fast  heating  con- 
citions. 

6.  The  kinetic  constants  from  SMATCH  mea¬ 
surements  on  NC  predict  Ok  measured  bum 
rate  in  the  same  pressure  and  temperature 
range. 

We  are  grateful  to  the  Air  Force  Office  of 
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support  of  this  work  on  AFOSR-S9-O52i.  We 
thank  A.  Becuwe,  Y.  P.  Carignan,  G.  E. 
Manser  and  R.  L.  Wilier  for  providing  sam¬ 
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ABSTRACT 

The  kinetics  of  weight  loss  of  six  polymeric  nitrate  esters  is  described  by  the  pon-iinear 
least-squares  fit  of  non-isothermal  TGA  weight-loss  curves.  In  the  first  50%  of  weight  loss, 
nitrocellulose  (9.45%,  11.7%,  and  13.4%  nitrogen)  and  poly(vinyl  nitrate)  undergo  first-order 
autocatalytic  decomposition.  Poly(glycidyl  nitrate)  and  poly(nitratomethylmethyloxeihane) 
exhibit  simple  first-order  kinetics.  The  tendency  to  become  autocatalytic  follows  the  trend 
toward  higher  oxygen  balance,  higher  viscosity,  and  the  increased  presence  of  secondary  alkyl 
nitrate  sites  in  the  molecules. 


INTRODUCTION 

Studies  of  the  decomposition  of  nitrocellulose  under  slow  heating  condi¬ 
tions  (dr/d/<5‘’C  min'*)  have  been  extensive  [1-7],  For  instance,  the 
kinetics  of  weight  loss  measured  by  TGA  reveals  that  the  decomposition 
process  initially  follows  a  first-order  rate  law  that  may  be  associated  with 
O-NO2  homolysis  as  i.t  reaction  (1)  (4,5] 

RONOj-^  RO* -l-NOj-  (1) 

Autocatalysis,  perhaps  as  a  result  of  -NOj  reacting  with  RO  • ,  then  be¬ 
comes  increasingly  'mportant.  After  about  50%  of  the  weight  is  lost,  a 
discontinuity  occurs  in  the  weight-loss  curve  and  a  second-order  rate  expres¬ 
sion  best  describes  the  process  (4,5).  This  latter  stage  has  been  interpreted  as 
indicating  that  backbone  cleavage  reactions  are  occurring  (8]. 

Recently,  the  decomposition  kinetics  of  thin  films  of  nitrocellulose  (NC), 
poly(vinyl  nitrate)  (PVN),  poly(glycidyl  nitrate)  (PGN),  and  polyfnitro- 
methylmethyloxethane)  (NMMO)  have  been  studied  at  heating  rales  exceed¬ 
ing  100 "C  see"'  (9j.  The  rate  laws  that  describe  the  weight  loss  from  NC  at 
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slow  and  fast  heating  rates  are  different.  Unlike  the  first-order  autocatalytic 
model  that  describes  NC  at  low  heating  rates,  the  first  50%  of  weight  lost  at 
high  heating  rates  is  best  describ'“d  by  a  simple  second-order  power  rate  law. 
Because  no  previous  kinetic  studies  of  PVN,  PGN  and  NMMO  were  found, 
comparisons  of  the  high  rate  decomposition  kinetics  with  low  rate  decom¬ 
position  data  could  not  be  made  for  these  compounds.  Low  heating  rate 
TGA  kinetics  data  would  also  enable  more  general  comparisons  to  be  made 
of  the  kinetics  of  decomposition  of  nitrate  ester  polymers.  Therefore,  this 
paper  describes  the  kinetics  of  weight  loss  measured  by  TGA  for  three 
samples  of  NC  that  differ  in  the  percent  N,  and  for  PVN,  PGN  and 
NMMO.  The  initial  50%  of  weight  loss  is  considered.  In  this  early  part  of 
the  decomposition,  the  induction  process  is  emphasized.  The  later  stage  of 
weight  loss  where  the  residue  reactions  dominate  was  not  studied  here. 

EXPERIMENTAL 

Samples  of  nitrocellulose  were  supplied  by  Y.P.  Carignan  of  Picatinny 
Arsenal,  NJ.  PVN,  PGN  and  NMMO  were  provided  by  A.  Becuwe  (SNPE, 
Le  Bouchet,  France),  R.L.  Wilier  (Thiokol,  Elkton,  MD),  and  G.  Manser 
(Aerojet,  Sacramento,  CA),  respectively. 

Thermogravimetric  analysis  was  conducted  using  a  Dupont  Instruments 
Model  951  TGA  at  0.5  or  1®C  min“'  under  Ar  at  a  flow  rate  of  20  ml 
min"'.  Samples  of  1.75-2.55  mg  were  used  in  all  cases.  The  first-order 
weight-loss  curves  were  fit  by  the  non-linear  regression  subroutine  RNSSQ 
contained  in  the  International  Mathematical  and  Statistical  Library. 
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KINETIC  MODELS 

The  first-order  autocatalytic  model  that  describes  the  TGA  weight-loss 
curves  during  the  thermal  decomposition  of  NC  at  dT/d/  1®C  min"'  is  § 
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well  known  [2,4,5].  As  a  check  on  how  our  TGA  methods  compared  with 
previous  work,  we  reinvestigated  samples  of  13.4  %N  NC  for  comparison 
with  published  data.  The  data,  especially  those  of  Eisenreich  and  Pfeil  [4]  on 
13.3  %N  NC,  are  fully  reproducible  in  our  laboratory.  We  employed  the 
non-linear  least-squares  model  for  non-isothermal  decomposition  that  they 
used.  In  their  approach  they  searched  directly  for  the  least-squares  fit  of  the 
temperature  integral  of  the  Arrhenius  equation.  Since  multiple  solutions  of 
this  integral  are  possible,  we  wished  to  determine  whether  their  converged 
values  were  the  appropriate  ones.  Therefore,  the  Coats  and  Redfern  ap¬ 
proximation  [10]  was  used  to  obtain  an  initial  guess  of  the  solution.  The 
final,  converged  values  of  the  least-squares  calculation  were  found  to  be  the 
same  as  those  of  Eisenreich  and  Pfeil  indicating  that  their  direct  search 
procedure  had  converged  at  the  most  reasonable  solutions.  Thus,  no  further 
elaboration  of  this  published  kinetic  model  is  needed  here.  The  weight-loss 
data  for  all  samples  of  NC  and  the  sample  of  PVN  were  analyzed  by  the 
model. 

The  weight-loss  curves  for  PGN  and  NMMO  were  found  not  to  require 
the  first-order  autocatalytic  model.  Only  a  simple  first-order  model  was 
found  to  be  necessary.  In  this  model,  the  rate  of  weight  loss,  da/dr  is  given 
by 

da/dt  =  k{T){\-a)  (2) 

where  «  and  k(T)  are  defined  by  eqns.  (3)  and  (4) 

(3) 

A:(r)  =/l  (4) 

If  a  linear  heating  rate  is  employed,  then  dT/dt  =  fi.  Therefore 


r"  da  A 

}„  (i-«)  °  a)’ 


-(E/KT)  , 


Redefining  7^  =  0,  the  temperature  integral  S{T)  is  given  by 


s(r)  =  fc 

*r\ 


-(E/RT)  , 


Since  eqn.  (6)  has  no  closed  solution,  it  can  be  solved  as  an  asymptotic 
expansion,  eqn.  (7),  [10,11] 

RT\  ,  .( RT\  _ RT\  1 


If  only  the  first  two  terms  of  the  expansion  of  eqn.  (7)  arc  considered  [12] 
then 


-ln(l  -  a) 
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expefimenta) 

■  ‘  ^  calculated 

1NMM0 

2  Poiy(Glycidyl  Nitrate) 

3  Poly(Vhyl  t^ato) 


100  200  300  400  500 


Temperature  ('C) 


Fig.  I.  The  experimental  and  kineticaily  modelled  TGA  weight-los-s  curves  for  three  nitrate 
ester  polymers.  The  first  SOX  of  conversion  was  modelled. 


Using  eqn.  (8)  to  obtain  an  initial  estimate  of  E  and  A,  the  non-linear 
least-squares  method  can  then  be  used  to  solve  eqn.  (9)  and  obtain  more 
acctirate  values  of  E  and  A 


(1  -  a)  -  exp 


ART^ 


-(£/Rry  I 


(9) 


RESULTS 

Figure  1  shows  the  weight-loss  curves  for  NMMO,  PVN  and  PGN.  By 
using  these  data  and  those  for  9.45%,  11.7%  and  13.4  %N  NC,  Arrhenius 
plots  were  constructed  from  eqn.  (8).  Figure  2  shows  these  plots  for  PVN, 
PGN  and  NMMO.  Figure  3  shows  the  plots  for  the  three  samples  of  NC. 


tOi*/T(K)' 

Pig.  2.  Arrhenius  plots  fw  three  nitrate  ester  polymers  sitowing  first-order  bcluivior.  except 
for  l*GN  at  higher  temperature,  where  aulocalalysis  becomes  important. 
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Fig.  3.  Arrhenius  plots  for  three  nitrocellulose  sample.^  showing  first-order  behavior  at  lower 
temperature  with  autocaialysis  becoming  important  at  higher  temperatures. 


Note  that  NC  and  PVN  follow  first-order  kinetics  only  in  the  low  tempera¬ 
ture  range  (138-160°C  for  PVN,  169-190‘’C  for  NC).  The  autocatalytic 
process  then  becomes  important.  This  behavior  requires  the  use  of  a  first- 
order  autocatalytic  model  to  calculate  the  kinetic  constants  given  in  Table  1. 
On  the  other  hand,  PON  and  NMMO  follow  simple  first-order  kinetics 
throughout  the  initial  S0%  of  weight  loss  (144-180**C)  without  undergoing 
autocatalysis.  The  final  E  and  A  values  in  Table  1  were  calculated  from 
eqn.  (9).  The  weight-loss  curves  calculated  from  these  models  are  shown  on 
Fig.  1  for  comparison  with  the  experimental  data. 

Three  factors  in  these  compouds  may  be  responsible  for  their  different 
kinetic  behavior:  the  differences  in  phase,  energy  content  (oxygen  balance), 
and  number  of  primary  and  secondary  alkyl  nitrate  groups.  With  regard  to 
the  phase.  NC  and  PVN  are  amorphous  solids  up  to  the  decomposition 
temperature,  whereas  PGN  and  NMMO  are  viscous  fluids  at  room  tempera¬ 
ture.  The  ease  with  which  the  gaseous  products,  especially  NO],  can  escape 


TABLE  I 

TCA  kinetic  param^cra  nf  nitrate  ester  polymers 
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Polymer 

Heating  rate 

First-ofikr  step 

Autocatalytic  step 

{•Cmin*’) 

£ 

log  4 

£ 

leg  A 

fkcal  mol'') 

ttcc') 

tkcal  mol”*) 

(SfC'') 

i 

Nai3.4  «N) 

O.S 

40.6 

15,1 

41,0 

16.0 

Nat  1.7  »N) 

0.5 

40.8 

15.2 

41.1 

16.0 

NC<9.4S  *N) 

0.5 

41,7 

15.4 

41.2 

15.9 

PVN 

1,0 

47,7 

202 

46.0 

19.9 

PGN 

l.O 

46,2 

111 

i 

1 

NMMO 

!.0 

44.2 

180 

4S 

i 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

§ 
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the  condensed  phase  would  be  expected  to  be  greater  for  PGN  and  NMMO. 
Hence,  the  concentration  of  NOj  may  not  build  up  to  the  level  ne  -ded  to 
create  significant  autocataiysis.  The  more  rigid  NC  and  PVN  matri«^;es  may 
retain  the  NOj  to  a  greater  extent  and  enable  autocataiysis  lo  become 
important.  Consistent  with  this,  Phillips  et  al.  (1)  found  that  the  d.' '.imposi¬ 
tion  of  NC  followed  first-order  kinetics  below  200  mm  Hg,  but  more 
complicated  kinetics  were  followed  at  hi^  pressures.  The  decomposi'uon 
gases  would  be  expected  to  escape  from  the  sample  more  readily  at  lower 
pressure.  Were  this  physical  mechanism  entirely  responsible  foi  the  kinetics 
differences,  the  concentration  of  NO2  in  the  gas  pha!;c  would  '"ic  expected  to 
be  higher  for  I*GN  and  NMMO  than  for  the  other  .samples.  This  is  not 
found  experimentally  {9).  and  illustrates  the  value  of  perforning  IR  analysis 
of  the  near-surface  products  when  conducting  thc.se  types  o*  expcriment.s. 

A  .second  explanation  for  the  apparently  different  kinetic  behavior  of 
these  compounds  upon  thermolysis  lies  in  the  oxygen  balance.  Figure  3 
shows  that  the  deviation  from  first-order  behavior  of  NC  decreases  as  the 
oxygen  balance  (or  percent  N)  decreases.  The  accelcratory  effect  of  NOj  on 
the  degradation  of  the  sample  at  higher  temperature  depends  on  a  threshold 
amount  of  NO]  in  the  sample  being  reached  relative  to  the  other  products. 
Otherwise,  the  reaction  mi^t  continue  to  follow  global  first-order  behavior 
as  suggested  by  reaction  (1).  PGN  and  NMMO  have  an  even  lower  oxygen 
balance  than  9.4S  %N  NC.  On  this  basis  they  would  be  expected  to  tend 
toward  the  dominance  of  first-order  kinetics,  in  accordance  with  what  is 
found  experimentally.  Thus,  it  appears  that  the  oxygen  balance  (amount  of 
NO]  available  relative  to  the  other  products)  may  play  a  role  in  the  reaction 
rate.  A  higher  oxygen  balance  favors  firs< -order  autocataiysis  v.hile  a  lower 
oxygen  balance  favors  simple  rirst-ordcr  kinetics. 

A  third  factor  may  be  the  position  of  the  nitrate  ester  group  on  the 
backbone.  The  preferential  site  for  nitraiioii  of  NC  is  the  primary  alcohol 
(13!.  I  hus.  the  ratio  of  primary/ secondary  alkyl  ni>raie  groups  is  higher  in 
9.45  %N  NC  than  13.4  %N  NC.  As  the  percent  N  in  NC  decreases, 
autocataiysis  occurs  to  a  lesser  extent  (Fig.  3)  suggesting  that  autocataiysis  is 
favored  by  the  presence  of  the  secondary  nitrate  groups.  In  keeping  with  this 
pattern.  PVN.  which  possesses  on.  y  secondary  alkyl  nitrate  groups  dccom- 
po.ses  autocatalytically  while  PGN  and  NMMO,  which  possess  only  printary 
alkyl  nitrate  groups  foMow  simple  first-order  kinetics, 
r  AH  three  of  (he  at>ove  observations  may  be  contributing  factors  m  the 
different  kinetics  of  «)ecomposilion  of  these  nitrate  ester  polymers.  However, 
(he  first-order  or  brsi-order  autocatalytic  models  do  not  satisfactorily  fit  tite 
weight-loss  kinetid  at  heating  rates  exceeding  100  *C  |9|.  where  a 
sintple  second-order  expression  was  found  to  be  necessary. 
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Thermal  Decomposition  of  Energetic  Materials  S3.  Kinetics 
and  Mechanism  of  Thermolysis  of 
Hexanitrohexazaisowurtzitane 

G.  PAUL  Md  T.  B.  BRIU.* 

Dtpettmua  oJCtumisuy,  of  Dtkmait,  MmtrA.  D£  19716 


The  biaeiws  of  (hernut  cketxnftatiddo  of  beuoiualKUMiMMiiwmkMHr  (HNiW)  ^tcit  mcauifcvJ  by  ihe  ijUMhemul 
ttcilLhi  (OM  (TGA)  anti  stuathtoee  <kuit«a  in  the  FTtR  tpecwum  M  I  Mm.  KekH.  20l*t',  the  kiiiuI  S0%  of 
(kotxcfiMtiKW  foikM'ji  (be  power  faKeiprmtoo  fifTXi  -  ■  1.2.  T1ieai;iiva'Hwc«itff|:yM)6.3  £0.6 

fccal/mot  and  tog  A  of  1.1  6  s  ' '  (or  n  Cl  I .  The  data  do  ooi  fa  a*  aotocautyiK*  dceawpioirtMiri  Baatel  Thcrtno’.ytlc 
w  the  2SO*-4W*C  range  *s.»  uudied  by  ibe  fau-beM-and-bntd/FIIR  iKhAMjue.  N-HO,  homoiyoi  di^naies 
the  (ktiompoiitioa  rate  tn  the  lower  tentfieraiare  range  tod  NO.  U  the  nuyor  gar  pr.tduet  Several  later  uage 
dceompoiitiori  teaeiio<t.v  of  HNIW  are  profitoed  in  light  of  the  naiure  of  the  gav  produert.  their  eodccntraiioa  ratK» 
a»  a  funttnio  of  leotperaiuie.  and  tafiirtnaiioo  on  the  re»due.  The  NO/NOj  ratio  aiamra  tiut  onidaiiaa  of  the 
reaidue  by  NO.  heeome*  lOceeaung  irogiortaM  at  higher  tereperaiurea. 


INTRODUCTION 


The  (hrecHjintenstUful  otge  siruciure  of  the  poty- 
cyeltc  ntiramin.  hettantiroheiufitsowuttziune. 
KNtW.  pfovides  a  vatiahtc  tsmi  eotnmtioty  pre- 
setu  tfl  a  flitfiitrtine  uioteeute. 
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Untik^  the  nitramtne 

mctleeukit.  RDX  ia>4  IIMX.  where  tkcaenpoiM' 
tifM  h>‘  N-«NOj  homid(>T4»  the  bwrietr  u» 
C— N  &U!ioa  ft).  ’ 


mox) 


(HMX) 


by  TSit  fivt.romr 

.  .tVWdi^  %y  &«■£«  MMi’-.Viig  11^.) .  {•< 


ratlka)  rcctMnbinaiUm  in  the  tucktwne  of  HNIW 
following  N— NO;  hootulysis  could  slahilize  the 
C— N  bond  by  niuiti|)lc  bond  foftmiion  and  poly* 
nicruaiitM.  As  a  result.  HMX  and  RDX  produce 
only  gas  products  upon  conibusbpn  at  I  atm. 
whereas  HNIW  produces  an  ash  along  with  gas 
products. 

Previous  HMX  arid  RDX  studies  counsel  that 
the  eapcriniental  condiiioos  are  likely  to  inltuence 
the  dKompostiion  behavior  of  hulk  santple  of 
KHtW.  In  addition,  die  number  of  parallel  and 
seqtaeatial  reactions  is  likely  to  be  large  enough  to 
nuAc  the.fuU  piclute  very  diHkuti  to  develop. 
Our  focus  in  this  study  was  to  deteftiune  the 
global  thermal  decontposition  ktiieites  and  gas 
'  products  of  a  hulk  satnpic  of  HNIW  under 
liothciRtai  eoadiitons  at  low  and  high  tempera¬ 
ture.  The  goal  w?s  to  gam  a  more  speetlie  under- 
standtag  of  how  jbe-uf  ktnettes  ate  eoaaecte*)  to 
die  dofrMapoutiuQ  reaetuws  o(  HN‘)W. 


LXPLRiMENTAL 

MNtW  (C*U*N,jO,.4  w»  supplied  by  Dr  W 
Xoppes  of  NSWC  It  w-as  showo  by  |R  and  KMK 
.speetfoses^y  to  coetam  a  neehgtWe  smwua  of 
o«a  aed  H  «0. 

The  gsscrUtal  prtftfipks  of  the 
Md  espeotwetu  have  hceo  deucriKed  elsewhere 

|2|.  Mostiyse*.  a  oew  v-artaHiao  of  tins  ttsclhrid  h?ts 

heso  developed  |>{  ha«d  wo  the  CDS  11100  |^rw> 
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pfobe  cofllrollcr  incorporeiing  a  Pt  ribbon  ftta- 
ment.  Typically  200  tig  of  lampte  is  thinly  spread 
on  the  filament  and  the  thermolysis  is  conducted 
in  the  usual  manner  in  an  Ar  atmosphere  t4|.  A 
healing  rate  of  2000*C/s  to  a  specified  filament 
tetvipera^urc  was  used  .  Ihc  IR  beam  of  a  Nicolet 
2(KX  FTIR  spectrometer  passed  several  millime¬ 
ters  above  the  filament  so  that  the  gas  products 
are  detected  in  near  real  time  by  the  rapid  scan 
mode  f  10  scans/s,  4  cm~ '  resolution).  Products 
for  which  IR  intemitics  are  available  were  quanti¬ 
fied  a;id  shown  here  as  relative  pcrceiu  concenira- 
tioRs  {4).  HNCO  was  detected  but  could  nut  be 
quantified  tieciiu.se  no  imercsiiy  dau  arc  available. 
ERdtahermic  ar*d  esotltermic  events  of  the  sample 
are  detected  by  monitoring  the  control  voltage  of 
the  fitaineni.  The  control  voltage  is  applied  to 
maif.iair  a  heat  rate  and  final  fibowm 

lemperaturc.  Hence,  no  iheimociHqiU:  is  needed 
The  difference  trace  of  the  control  voltage  (con¬ 
trol  voltage  with  sampts  present  minus  (he  control 
voltage  with  no  sample  present)  give^  the  clearest 
tep.esentatiOit  of  the  ihernutl  events. 

The  kir<(ics  of  solid-phase  decompr^iticn  of 
HNIW  were  studied  in  air  In  the  I90*-2CI0*C 
range  by  using  the  Micotef  bOSX  FIIR  spectrom¬ 
eter.  The  HNIW  sample  was  dissolved  in  CH  ,CN 
and  spread  onto  an  NaG  plate.  The  solvent  was 
titen  evaporated  ^o  form  a  thin  film.  This  plate 
was  then  placed  uncoveted  in  the  solid-phase  IR 
cell  descrihod  before  (S)  so  that  the  deccoiposi- 


tiun  gases  could  escape.  The  lemperatutc  was 
maintained  isothcmtally  by  a  time-proportioning 
controller.  Thirty-two  interferograms  were 
summed  per  spairum..  The  changes  in  the 
N-NO;  inodes  (I60S,  1325.  l2o6. 941.  and  876 
cm  ')  and  CH  stretch  (2915  cm'*)  with  lime 
afforded  the  rate  dab. 

TOA  studies  in  air  were  conducted  on  a  DuPont 
Insinimems  95 1  Analyzer  in  the  temperature 
range  I90*-2(>1*C.  Between  I  am)  2  mg  of 
saiiqtie  was  used  with  a  temperature  control  of 
tl'C 

ISOTIIKRMAI.  KINETICS 

Tile  decom|)osiit«M)  kit'Ciics  of  HNIW  at  tempera¬ 
tures  wticre  the  rcaciiuo  is  relatively  stow  were 
sitHhed  isotliermally  by  ihermogravin^tficalty 
measuring  the  rate  of  weight  loss  (TGA).  and  by 
quantitating  the  al»orbance  changes  in  the  trans¬ 
mission  IR  spccitum.  The  relatively  narrow  btn- 
pcraiure  range  employed  for  aich  studies  is  typi¬ 
cal  of  energetic  materials.  For  example,  with 
HNIW,  the  reaction  is  very  slow  below  |96*C 
white  (lie  reacticio  becomes  quite  rapid  above 
2WC. 

Figure  I  .shows,  ihc  rate  of  the  initial  505^ 
dcconqtusoion  of  HNIW  in  air  at  several  temper¬ 
atures  js  n'icasured  by  the  rate  of  weigh  loss. 
These  data  rcpreseni  the  composite  rate  of  alt  of 
the  gas  cvoluttofl  reaettoos  and  ol  mass,  difiusioa. 
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The  power  race  eqtutkm  (Ec).  I)  Hu  the  cate  of 
(kcotnposiiuM  etputly  well  w4ko  a  a  I  (£q.  2) 
and  w  =  2  (Eq  3)  t6|. 

-«)•.  (1) 

-ta(l  -o)  -  ki-¥c,  (2) 

(I  -  «)  ’  *  -  1  =  ii#  +  C.  (3) 

The  fi»^too  of  wetj^  Uki.  ct.  U  tkHne4  iU 
a  •»  {W'jj  -  4y/lt^.  Tlie  tutK  hi.  k  u  ih« 
(ate  cotumu.  aa4  n  the  apparent  or4er  of  the 
reaetton  ts  ite  tniUo)  sampte  weigfe  and  ll'j 
U  the  wetghi  at  time  i.  2  ahowK  tfie  reaulu 
(tit  It ’s  I  atblTahh;  I  giv-iei the  rate  eonatuita  M 
«  I  and  o  2.  Nttfattunes  $o««t»mes  dbptay 
jogocaalyats  upoo  doeotnptwtfiOB  t?}.  HNtW-  4ocs 

tidM  4'%  '  *1  r<X  ;V.  ^  ft^uW 
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not  uoditfo  autocaiatysis.  s£  evkkncett  hy  the 
fact  that  the  data  (!lo  not  fit  the  Proui*  To(nhta$ 
autocdUlytk  motlcl  fHj.  A  pUx  of  lo^  k  vf.  l/T 
gives  (he  apparetu  attivatton  energy.  &\  Md  ptc- 
(uponcMiai  factor,  /t.  shown  in  Tabtc  2. 

More  deeiil  ahoiu  the  rcEatkmship  of  the  gtohat 
kinetics  slow  ihemut  cl^ocnpotilion  to  the 
tndivwita)  reactions  of  tlNtW  is  availahle  through 
analysts  of  the  changes  in  the  fR  spc^troni  of 
HNfW  as  a  function  of  ittne  at  several  tentpm- 
tores.  Since  the  -(pectfal  changes  of  inrerest  iS' 
volve  the  decrease  in  intensity'  of  mo4es  due  to 
the  gaS’ptoducitig  reacitoris.  the  vaiiahk-teniper' 
aiute  ifaastmsstoo  ti%  cei)  used  in  our  work 
was  madiHed  to  perinti  eootrrded  ^aiwg  of  a 
thio  hint  of  santpk  white  allowtng  the  gi^  to 


UW^J 

twi  tsJlboiwU  I  p4 

ttHtw  m  ■  <o  Acc  . 


4 

■  tiaie  .asi  V 

Yiga 

1 1*  *1 

i.ts 

s*  n#  =  ji 

!«  I 

u  i 

ItO 

*.t»aYy» 

M  .t 

t*  J  ' 

iH  i 

t5  * 

t*  j 

iiff 

Misa'si 

M? 

i*je 

as »  ’ 

«  5 

m 

i 

i 

• . 

6  • 

» 


!48 


O.  C.  PAUL  AND  T.  B.  BRILL 


escape.  Upon  heating.  d-HNIW  convem  to  y- 
NNfW  so  tiut  djlecoiftposiiion  occurs  from  liK 
Y^polymotph.  The  IR  :;peci{uin  of  y-HNIW 
sh.:wo  in  Pig.  3  reveals  that  moiies  associated 
with  the  eatemal  hf^nds  {the  C— II  stretch,  and 
bending  (£}  and  stretching  (i>)  of  NNO,|  domi¬ 
nate.  The  cage  rnodes  <C— C  and  C— N)  arc 
relatively  weak  owing  to  the  high  pseudosynuits- 
uy  of  the  cage.  The  inodes  assigned  to  the  NOj 
group  are  not  entirely  pore  —  NOj  inude.<i  ' 
cause  of  coupling  with  the  N— N  motions  {9]. 

Tv'.s  rate  of  dectesse  of  the  area.  A,  of  each 
mode  assigned  in  Fig.  .3  as  a  function  of  itnie  was 
follow^  for  the  first  50%  of  (kcomposiiion  at 
four  temperatures,  k  was  cakulaicd  from  Fi).  2 
by  using  ft  *=  (/to  -  .4,)/ /to  The  Arrhenius 
constants  were  cakulated  for  each  mode  and  are 
shown  in  Table  2.  The  values  tx  the  bending  and 
stretching  motiom.  of  the  —NO;  group  are  the 
same  widtin  eaperuftcntal  error.  The  ftKa  that  the 
Arrhenius  constants  for  the  first  50%  of  tkcoitt' 
posukM  measured  by  TGA  are  very  simitar  (o 
those  for  (he  motions  of  the  N— NO;  group  is 
food  cv'ideoce  that  N— NO;  bomolysis  domirmes 
(he  global  rate  constant  for  decompos^ion  in  this 
temperature  range.  On  the  other  the  kinetic 
eottstants  for  the  C— H  bond  (Tabic  2)  are  dif. 
fiefeot  wtuch  implies  that  the  de|tadatiqo  of  the  C 


— H  bonds  of  IINIW  does  ihh  control  the  global 
decomposition  kinetics  under  these  conditions. 

A  small  amount  of  black  amorphous  residue  is 
formed  upon  Ihemial  dccompcKitioo  at  I  atm. 
Kmuetle  |I0)  has  investigated  this  residue  .and 
found  it  to  have  the  approaintate  stoichiometry 
H|C|N;0;.  Tne  IR  spectrum  of  the  residue 
(brmed  at  2IS*C  shows  absorbances  eharacierts- 
lics  of  C^O  (1821.  1703  cm  C^^N  (1594 
cm'  ‘.  broad),  and  Nil  (3277  cm ' bo^ad).  The 
presence  of  the  C=>0.  the  Niiad  al*s»Kf«nce  cen¬ 
tered  at  IS94  cm  '  and  absorbances  .u  1348  and 
129  cm " '  coJd  be  used  as  evidence  of  amides 
in  the  residue.  The  iniensiites  of  ita.  absorbances 
vary  depending  on  the  cotWiitons  of  itie  decompo- 
silioo.  No  further  work  on  this  rcstdue  was  per¬ 
formed. 

The  kinetics  dam  on  IINIW  described  above 
were  gathered  in  the  temperature  range  where 
decompo&ttton  omua  over  a  period  of  nu...'''*s 
Of  coarse,  combustion  applkaciorts  invcdve  much 
higher  (emperatores  aud  shorter  time  scales 
Hence,  it  has  been  necessary  to  develop  methods 
to  inv-estigatc  the  thmmolysis  of  HNtW  at  higher 
ten^ietatures  where  the  dM'onipostiioti  rate  is 
much  kouer.  A  useful  method  for  utch  studies  is 
the  fasi-hcat-anJ-hold/FIIR  spectroseopy  tech- 
(ui)ue  P|.  Roceni  impiovemcms  enable  the 
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healing  tate  and  ftml  tempenauir;  of  a  Uitn  Fi 
«ibt>oo  Atameoi  to  be  coiurotkd  ifxtependenily.  A 
heating  ««  cf  2QOO’C/5  to  a  pcescribed  tcmpcia- 
mt  TfCtabt  tKhkA-ed  Oftthout ovcrshooitiig  7). 
to  thia  wa>\  the  sainpk  can  be  heatol  ra{Hdty  to  a 
tuxiwn.  coouant  cmperafttic  that  is  suhstantUUy 
higher  than  that  avatlahte  in  the  TOA  or  IR 
eaiscrunenis  described  above.  HKtV  decont^ioska 
g«kf  near  conditiotts  with  a  tnimnui 

cooUng  liRte  lu«4o|heemic  and  caothertHk  events 
ore  sensed  by  t!te  change  in  the  reatsianee  the 
htantent  rather  than  b>'  a  theftnaoou^.  A  very 
raindty  eootrot  vt^agf  is  afi^Kd  to 

the  btatneni  to  ntatniain  the  heating  rate  and  7^  tn 
the  inesence  endothertns  a»J  eamhermii  of  the 
aant^e.  An  endatherm  roi^uines  a  (lootne  conitot 
votiage  whits  an  oaothertn  roi^ries  a  negaitwe 
control  voitage  fo  ntaintiain  a  Uncar  tnereaae  or 
cignsia^  lantern  re^btanee. 

Ftgare  ^  shows  the  contfvd  voitage  iraoe  vsf  th^ 
htattaeni  aaJ  the  ^umihed  gas  (nodoers  f^nn  2tiid 
„g  eg  Hfsiw  heated  at  «;«det 

I  atMJ  ol  Ar  The  urin^ty  etotfeerthte  des3P«»t«oi^ 
tion  reai^tispa  ti  ihoww  a$  a  oegattve  m  the 
eonirot  vvth^e .  hto  gas  groitet.;  are  4etet<ed  in 
advance  of  the  cnodiettni  ti»|«Q4u^  that  auto^ 
GitaSjSii  is  at  CNHS  a  «mwr  prowess,  this  s*»cr^ 
s-siaon  is  eonsislenr  widi  the  eenibs  of  henetacs  of 
siow  dceotnpooiiao  detstihed  ahowe.  tiQj  » the 


dominant  product,  which  is  abo  cuAsis*eai  with 
the  aforcmenii'aned  N— NDj  homolysis  rcacticM 
being  the  major  initial  dcco«t(Huiiion  step. 

(n  faid-heat-and-hotd/MtK  experintents  at  sev< 
era!  ieiti|i«raiutes  coveting  the  250*-4dd*C 
range,  the  rahos  c<l  the  tinat  concenitattoiu  of 
most  of  the  gas  p{«5ducts  retnatri  relatively  eon- 
Siam  tfence.  the  mechanism  of  decomposition  of 
Mh»tW  U  igalttaiisely  tlie  same  ovtsr  this  temper' 
ature  oi^  and  the  race  coetlkients  of  the  paraltel 
reactions  have  a  smulat  temperatute  dependence. 
The  notable  ctception  is  the  KO/NO.  raiio. 
which  tnctcises  wuh  i^reasmg  temperature  tFi|t. 
$}.  Sis*se  Hdj  A  a  prtmary  product  and  blO 
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fonns  from  the  NOj,  the  NO/NO2  ratio  is  an 
indication  of  the  relative  impoilanco  of  secondary 
reactions  involving  NO2.  Even  though  NO2  is  a 
primary  product,  most  of  it  forms  in  a  matrix  of 
condensed  phase  materia!  As  a  result  it  can  react 
further  with  other  radicals  in  the  decomposition 
sequence,  e.g.,  by  Eqs.  4-7.  The  reactions  are 


accentuated  by  higher  temperatures. 

N-NO2-  N-  +  NO2. 

(4) 

N-  NO2  -N-O  +  NO, 

(5) 

HC-  -I-  NO2  -*  HC-0-  +  NO, 

(6) 

HC-  NO2  -  HONO  -  iNO 

+  ANO2  + 

iHjO. 

(7) 

Hence,  the  NC/NOj  ratio  is  larger  at  higher 
temperatures.  As  noted  above,  the  residue  from 
the  decomposition  of  HNIW  has  modes  character¬ 
istic  of  ^**0  which  can  form  via  reaction  6. 
The  high  O  and  N  content  and  low  C  and  H 
content  of  the  gas  products  are  consistent  with  the 
formation  of  a  residue  conuining  more  C  and  H 
and  less  N  and  0,  as  fou:)d  in  the  analysis 
performed  by  Krauetk  (10). 

THERMOLYSIS  REACTIONS  OF  HNIW 

As  with  the  cyclic  nitramines,  HMX  and  RDX, 
many  parallel  reactions  occur  during  the  thermal 
decomposition  of  the  polycyclic  nitramine  HNIW 
The  study  described  here  suggests  several  plausi¬ 
ble  steps  that  take  place.  N— NO2  bomolysis  is 
the  mqior  step  in  the  initial  50%  of  decomposition 
of  HNIW  011  the  basis  of  the  large  amount  of  NO2 
liberated  and  the  global  kinetic  constants.  Much 
of  the  NO-  is  relea.-  jd  to  the  gas  phese,  but  the  T 
dcfendence  of  the  NO/NO2  ratio  indicates  that 
the  NO2  increasingly  reacts  with  radical  sites  that 
form  in  the  bKkbone  at  higher  temperature  ac¬ 
cording  to  Eqs.  S-7.  These  reactions  are  respon¬ 
sible  in  part  for  the  formation  of  the  and 

I^C^N—  bonds  found  in  the  residue. 

Following  the  N— NO2  homolytis,  many  reac¬ 
tions  of  the  backbone  cage  can  occur.  Several  that 
are  consisteiM  with  the  data  obtained  m  this  work 
are  shown  in  reactions  8- 10. 


7 


By  analogy  to  the  behavior  of  HMX  and  RDX 
[1],  N— NO2  homolysis  at  (for  example)  N(2) 
would  result  in  the  weakening  of  the  C(3)— N(4) 
bond.  This  would  facilitate  insertion  of  the  NO2 
unit  into  the  bond  as  shown  in  reaction  8.  This 
intermediate  product  could  react  further  in  sev¬ 
eral  ways,  including  reaction  9,  which  could  be  a 
source  of  N2O,  as  well  as  some  of  the  carbonyl 
containing  residue.  In  addition,  a  C— C  bond 
such  as  Cfl)— C(7). 


could  cleave  leading  to  ’  IjaccQL  radical  sites 
which  might  recombine  to  form  r^C=N— ,  as  in 
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reaction  10.  The  IR  spectrum  of  the  residue 
shows  modes  in  the  C=N  region. 


The  formation  of  a  small  amount  of  MONO 
was  sometimes  observed  and  is  understandable  as 
a  result  of  radical  scavenging  in  these  systems  by 
-NOj  (1  lit  as  in  reaction  7.  HNCO  appears  to  be 
formed  from  nitramines  by  the  decomposition  of 
amide  residues  in  the  condensed  phase  [12],  such 
as  could  form  in  reaction  9.  HCN  and  CO  are 
products  commonly  formed  during  nitramine  de¬ 
composition  and  can  arise  in  many  ways  from 
HNIW. 

SUMMARY 

1.  A  power  rate  law  equation  with  n  =  1  or  2 
fits  the  rate  of  the  initial  30%  of  weight  loss 
equally  well.  Autocaulysis  does  not  appear  to 
occur  during  the  decomposition  of  HNIW. 

2.  The  global  kinetics  of  slow  decomposition  of 
HNIW  is  dominated  by  N— NOj  homolysis. 
Hie  residue  that  forms  from  this  reaction  con¬ 


tains  C— 0,  C=N,  and  NH  bonds,  whose 
formation  is  understandable  in  terms  of  reac¬ 
tions  expected  of  radical  sites  in  the  polycyclic 
cage. 

3.  Tlie  NO/NOj  gas  products  ratio  depends  on 
the  temperature  and  favors  NO  at  higher  tem¬ 
perature.  Hiis  pattern  is  consistent  with  in¬ 
creased  oxidation  of  the  residue  by  NO;  as  the 
temperature  at  which  decomposition  occurs  is 
raised. 

fVe  are  grateful  to  Dr.  W.  Koppes  for  sup¬ 
plying  a  sample  of  HNIW,  and  to  the  Air 
Force  Office  of  Scientific  Research,  Aerospace 
Sciences,  for  support  of  this  work  on  AFOSR- 
89-0521. 
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The  decomposilion  chemistry  and  kinetics  of  hydroxyl-terminated  polybutadienc  (HTPB),  hydroxyl-terminated 
polyethyleneglycol  adipate  (HTPA),  and  diisocyanate  cross-linked  HTPB  (diisocyanates  =  TDI,  IPDI.  and  DDI) 
were  determined  by  TGA,  DSC,  and  IR  spectroscopy  at  IO*C/min  and  by  SMATCH/FTIR  at  2S0*-3S0*C/s.  At 
IO*C/min,  the  first  step  (300* -4(X)*C)  for  diisocyanale-HTPB  is  fission  of  the  urethane  cross-link  bonds.  The 
diisocyanate  cross-linking  agent  is  vaporized  to  an  extent  that  is  controlled  by  its  vapor  pressure.  The  HTPB 
polymer  then  exothermically  cross-links  and  cyclizes,  but  also  depolymenzes  to  yield  volatile  products.  The  overall 
exothermicity  of  these  steps  is  proportional  to  the  number  of  double  bonds  in  the  parent  polymer.  Above  MO'C, 
the  Anal  nujor  stage  is  endothermic  decompotition  of  the  mostly  saturated  residue  of  HTPB  formed  in  the 
300*-4<)0*C  range.  The  kinetics  of  this  final  step  are  independent  of  whether  the  original  polymer  contained 
urethane  cross-links  or  not.  SMATCH/FTIR  spectroscopy  simulates  the  conditions  in  the  condensed  phase  during 
combustion  at  IS  psi,  as  evidenced  by  the  fact  that  the  regression  rates  calculated  for  HTPB  from  the 
SMATCH/FTIR  kinetics  at  2S0*-350*C/sec  fall  within  the  range  of  combustion-like  regression  rates  of 
IPDI-HTPB  and  similar  polymers  (0.03-0.2  uso/t  at  IS  psi).  SMATCH/FTIR  spectroscopy  esublishes  that  under 
combustion-like  conditions,  the  urethane  crou-links  cleave  in  the  first  step,  but  that  less  cyclization  of  the  residual 
HTPB  occurs  because  of  the  shorter  time  available.  Hence,  no  initial  exotherm  appears.  Instead,  HTPB  skips 
directly  to  depolymerization,  giving  up  butadiene,  butadiene  ofigomers.  and  CHjO  to  the  first  stage  of  the  flame 
zone. 


INTRODUCTION 

Diisocyanate  cross-linked  hydroxyl-terminated 
polybutadiene  (HTPB)  is  the  most  commonly  used 
binder  in  solid  composite  rocket  propellants. 
Aside  from  providing  favorable  mechanical  prop¬ 
erties  after  highly  loading  the  polymer  matrix 
with  particulate  aluminum  and  NH4CIO4  (AP), 
curing  of  the  HTPB  with  a  diisocyanate  cross- 
linking  agent  can  be  effected  at  a  low  enough 
temperature  to  prevent  decomposition  of  the  AP. 
Moreover,  the  decomposition  products  of  the 
binder  contribute  additional  fuel  to  the  flame  zone 
during  combustion.  The  kinetics  and  mechanism 
of  degradation  of  these  polymers  is  the  major 
topic  of  this  article.  Insight  into  the  binder  pyrol¬ 
ysis  reactions  is  especially  important  in  combus¬ 
tion  modeling  because  models,  such  as  BDP  [1] 
and  the  leading  edge  flame  model  [2],  consider 
the  binder  and  oxidizer  products  to  be  spatially 
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separated  for  a  short  distance  above  the  surface 
before  they  mix  to  become  the  diflusion  flame. 

Considerable  effort  has  been  devoted  to  heating 
polymers  rapidly  enough  to  enable  calculation  of 
kinetics  relevant  to  combustion  [3-15].  In  turn, 
inferences  about  the  chemical  mechanisms  have 
been  made  from  these  data.  Beck  recently  evalu¬ 
ated  much  of  this  work  [16].  A  common  aspect  of 
all  of  these  past  kinetic  studies  is  that  chemical 
mechanisms  tend  to  be  inferred  without  any 
chemical  measurements  actually  having  been 
made.  In  fact,  the  designs  of  all  of  these  fast 
heating  nMhods  are  poorly  suit  d  for  simultane¬ 
ous  measurement  of  the  reaction  rate  and  prod¬ 
ucts  in  any  connected  way.  This  disadvantage 
makes  the  mechanistic  inferences  about  chemistry 
almost  entirely  speculative. 

To  enable  the  fast  kinetics  to  be  measured 
simultaneously  with  chemical  analysis,  the  Si¬ 
multaneous  MASS  and  7'emperature  C//ange 
(SMATCH)/FTIR  technique  was  developed  (17). 
With  SMATCH/FTIR  spectroscopy,  a  thin  film 
of  material  can  be  heated  at  a  rate  of  100*- 
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350*C/s  with  the  simultaneous  measurements  of 
dynamic  mass  change,  temperature  change,  and 
near-surface  gas  products.  The  thin  film  of  rapidly 
heated  polymer  is  a  “snapshot"  simulation  of  the 
condensed  phase  at  a  burning  surface.  The  mass 
and  temperature  data  enable  Arrhenius  constants 
for  the  regression  of  the  surface  reaction  zone 
to  be  determined  [18,  19].  Confidence  that  this 
simulation  of  the  surface  reaction  zone  during 
combustion  is  reasonably  accurate  is  bolstered 
by  the  fact  that  the  Arrhenius  constants  from 
SMATCH/FTIR  predict  the  experimental  burn¬ 
ing  rates  of  energetic  nitrate  ester  [18]  and 
organoazide  [19]  polymers  at  the  same  pre^ure 
and  temperature  conditions.  The  ga.*,  products 
detected  near  the  surface  should,  therefore,  be 
very  similar  to  those  that  leave  the  surface  and 
initiate  the  flame  zone,  were  a  flame  to  be  pres¬ 
ent.  It  is  also  gratifying  that  the  products  detected 
by  SMATCH/FTIR  are  very  similar  to  those 
observed  by  our  other  fast  thermolysis/FTTR 
techniques  [20],  which  implies  that  fast  thermoly- 
sis/FTIR  spectroscopy  also  gives  a  reasonably 
good  indication  of  the  gases  that  leave  the  surface 
and  enter  the  earliest  stages  of  the  flame  zone 
during  combustion. 

In  addition  to  high-rate  kinetics  studies,  the 
kinetics  and  products  of  thermolysis  of  HTPB  and 
diisocyanate  cross-linked  HTPB  were  determined 
at  a  low  heating  rate  by  DSC,  TGA,  and  gas-  and 
condensed-phase  IR  spectroscopy.  It  is  widely 
cautioned  that  such  studies  should  not  be  rou¬ 
tinely  used  to  describe  the  combustion  regime  [3, 
8,  II,  13,  19],  but  they  may  be  applicable  in 
some  instances  [21].  At  the  very  least  establish¬ 
ment  of  the  different  processes  that  occur  with 
these  polymers  as  a  function  of  the  healing  rale 
gives  insight  into  the  'elative  roles  of  the  many 
possible  decomposition  branches. 

EXPERIMENTAL 

Materials 

A  sample  of  HTPB  (ARCO  R4SM.  Lot  003097) 
w{is  obtained  from  S.F.  Pilopoli,  Thiokol  Corp., 
Elkton,  MD.  Its  equivalent  weight  based  on  OM 
is  1300.  Samples  of  TDI,  IPDI,  and  DDI  were 
also  supplied  by  S.F.  Palopoli  and  were  protected 
from  moisture.  The  equivalent  weights  of  TDI, 
IPDI.  and  DDI  are  87.  III.  and  300,  lespec- 


tively.  HTPA  was  provided  by  B.  Goshgarian, 
AFAL,  Edwards  AFB,  CA.  HTPB  was  heated  to 
60*C  under  vacuum  in  a  rotary  evaporator  for  2 
h  to  remove  any  water.  It  was  then  stored  in  a 
desiccator.  The  diisocyanate- HTPB  cross-linked 
polymers  were  prepared  by  mixing  HTPB  and  the 
diisocyanate  in  an  OH:NCO  ratio  of  1:1  and 
curing  at  60*C  for  10  days.  For  the  SMATCH/ 
FTIK  and  solid-phase  studies,  the  samples  were 
partially  cured  at  60*C  and  the  gumstock  was 
smeared  directly  onto  an  NaCI  plate  or  the  metal 
end-tip  of  the  SMATCH  device.  The  curing  proc¬ 
ess  was  then  continued  for  a  total  of  10  days. 
Pure  HTPB  and  HTPA  were  smeared  directly 
onto  the  end-tip  or  NaCI  plate  for  decomposition 
studies  of  these  samples. 

TGA- DSC  Measurements 

Thermogravimetric  analysis  (TGA),  differential 
thermogravimetric  analysis  (DTG),  and  differen¬ 
tial  scanning  calorimetry  (DSC)  measurements 
were  made  on  a  DuPont  Instruments  2000  Ana¬ 
lyzer  with  a  model  951  TGA  module  and  910 
DSC  module.  A  linear  heating  rate  of  10*C/min 
and  4-6  mg  of  sample  were  used  in  all  cases.  An 
Ar  flow  rate  of  5  ml/min  was  used  for  DSC 
while  20  ml/min  was  used  for  TGA. 

IR  Spectra  of  the  Solid  Phase 

The  residues  of  the  cross-linked  and  pure  HTPB 
samples  were  studied  by  placing  the  sample  di¬ 
rectly  onto  an  NaCI  plate.  The  plate  was  then 
heated  in  the  TGA  furnace  at  a  10*C/min  linear 
heating  rate  with  a  20  ml/min  Ar  flow  rate.  At 
the  desired  temperature,  the  plate  was  removed 
and  the  IR  spectrum  was  recorded  on  a  Nicolet 
60SX  FTIR  spectrometer  at  2  cm ' '  resolution 
and  32  accumulated  scans.  A  fresh  sample  was 
used  for  each  temperature. 

SMATCH/FTIR  SpcciroKopy 

The  SMATCH/FTIR  technique  has  been  de¬ 
scribed  before  [17.  18).  A  cantilevered  quartz 
tube  ^*i:ose  natural  frequency  depends  on  the 
sample  mass  coating  the  metal  end-tip  was  set 
into  motion  by  a  vibration  exciter.  Typically. 
0.2-0.8  mg  of  sample  was  used  giving  a  film 
thickness  of  22-88  ^m.  The  metal  en^tip  was 
heated  by  RF  induction  at  a  chosen  rate  in  the 
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250*-3S0*C/s  range  by  using  a  l-KW  RF  power 
fupply.  The  film  thickness  and  heating  rate  are 
matched  so  that  the  heat  transfer  across  the  film  is 
fast  enough  to  give  a  reasonably  uniform  temper¬ 
ature  (18].  The  dynamic  weight  change  during 
the  decomposition  step  was  measured  by  the  rate 
of  change  of  the  vibrational  frequency  of  the 
tube.  The  temperature  was  simultaneously  moni¬ 
tored  by  a  type  E  thermocouple  spot-welded  to 
the  metal  end-tip  and  in  contact  with  the  sample 
film.  The  IR  b^m  of  the  Nicolet  60SX  FTIR 
spectrometer  operating  in  the  rapid-scan  mode 
(10  scans/s,  2  spectra  per  file,  and  4  cm*' 
resolution)  was  focused  within  3  mm  of  the  top 
surface  of  the  end-tip.  In  this  way  the  gas  prod¬ 
ucts  evolve  into  the  cool  atmosphere  of  Ar  in  the 
cell.  The  pressure  on  the  sample  was  IS  psi. 
Considerable  care  was  taken  to  obuin  a  uniform 
thickness  of  the  sample  film  because  a  nonuni- 
form  film  resulted  in  a  poorly  shaped  weight-loss 
curve. 

Fast  Thermolysis/FTIR  Spectroscopy 

Gas  products  from  these  samples  were  also  moni¬ 
tored  by  the  fast  thermolysis/FTIR  technique 

HTPB  HO-eCHj-CH=CH-CH,  )*-f-CH, 


The  amount  of  each  of  these  three  units  can  be 
controlled  in  the  synthesis,  but  all  three  structural 
components  are  present  in  propellant-grade 
HTPB.  OH  groups  terminate  the  chains.  Consid¬ 
erable  work  has  been  conducted  on  the  thermal 
decomposition  of  polybutadiene  at  a  heating  rate 
of  several  *C/min  (23-30]  and  at  high  tempera¬ 
ture  (14].  These  results  are  quite  useful  for  char¬ 
acterizing  the  behavior  of  HTPB  In  fact,  Du  (31] 
recently  extended  these  polybutadiene  studies  to 
HTPB  by  using  DSC,  TGA,  gas  chromatogra¬ 
phy,  and  nuss  spectrometry.  The  umple  used 
had  somewhat  different  composition  from  the  one 
employed  in  this  project.  Several  parameters  for 
our  sample  compared  with  those  of  Du 
(parenthetical  values)  are  equivalent  weight  ■ 
1300  g/Eq  (2300),  %  irans  -  S4.8  (62).  %  cis 
B  20.2  (14),  %  vinyl  ■  23  (21),  and  %  weight 
remaining  at  S00*C  -  2  (14).  The  general  fea¬ 
tures  of  decomposition  of  the  two  samples  are 


(22].  About  2  mg  of  the  sample  was  placed  on  the 
nichrome  ribbon  filament.  The  cell  was  purged 
with  Ar  and  adjusted  to  IS  psi.  The  IR  beam  of 
the  Nicolet  60SX  was  focused  several  millimeters 
above  the  surface  of  the  sample.  With  the  spec- 
trcineter  scanning  at  10  scans/s  and  accumulating 
two  spectra  per  file  at  4  cm~ '  resolution,  voltage 
was  applied  to  the  filament.  Ramp  heating  oc¬ 
curred  for  the  first  3-4  s  until  the  final  filament 
temperature  was  reached.  This  temperature  was 
then  maintained  for  about  10  s.  The  temperature 
of  the  filament  was  monitored  in  real  time  by  a 
type  E  thermocouple  that  was  spot  welded  to  the 
underside.  The  output  was  amplified,  passed  into 
an  AD  converter  and  to  an  IBM  PC.  The  spectral 
files  and  thermocouple  trace  were  correlated  by 
time. 


RESULTS  AND  DISCUSSION 

Thermolysis  of  HTPB  at  10*C/min 

HTPB,  whose  connectivity  is  shown  below,  con¬ 
sists  of  a  mixhire  of  cis  and  trans  units  in  the  m 
portion  of  the  molecule  and  1,2-vinyl  units; 


similar,  but  differ  in  some  of  the  details.  Also, 
our  kinetic  analysis  procedure  is  different.  A 
reinvestigation  of  pure  HTPB  was  undertaken  so 
that  the  effect  of  urethane  cross-linking  of  HTPB 
could  be  determined. 

Figure  I  shows  the  TG,  DTG,  and  DSC  traces 
of  HTPB  heated  at  IO*C/min  to  3S0*C.  As  noted 
by  Du  (31).  the  DTG  trace  shows  that  weight  is 
lost  in  two  main  steps,  although  further  substeps 
are  evident  in  the  overall  process.  By  DSC.  the 
initial  weight  loss  step  is  net  exolhemiic.  while 
the  second  step  it  endothermic  overall.  Hie  initial 
exotherm  results  from  the  positive  energy  balance 
of  the  endothermic  depolymerization  process  and 
the  exothermic  cyclization  and  cross-linking  pro- 
oeu  of  the  HTPB  that  has  not  undergone  depoly¬ 
merization.  The  sample  lose.s  vreighi  during  this 
first  ttep  becauiic  lowcr-molecular-weighi  hydro- 
carbe  .  such  as  1.3-buiadtcnc  (C^H,,)  and  4- 
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of  Ar. 


vinykycloiiexefle  (CiH,]).  volatilize.  Theae  pro- 
oeaaes  are  essentially  the  same  as  those  that  occur 
with  pol)  butadiene  (14.  23-30]. 

The  second  main  weight-loss  step  of  HTPB  is 
mostly  the  result  of  depoiymerizatioa  of  the 
cross-linked  residue  formed  in  the  cydization  and 
cross-linking  reactioas  of  the  first  decomposition 
step.  Du  noted  that  butadiene  continues  to  be 
released  in  the  first  part  of  this  second  step  (3I|. 


indicating  that  some  unsatuiation  remains  in  the 
residue  after  the  initial  exothermic  step  ends.  The 
second  step  is  endothermic  because  of  the  pre¬ 
dominance  of  bond-breaking  (depolymehzatioo) 
in  the  residue  and  desorption  of  the  fragments. 

A  study  of  hydroxyl-terminated  polyethyleneg- 
lycol  adipate  (HTPA)  was  undertaken  to  help 
confirm  the  essential  features  of  the  decomposi¬ 
tion  scheme  proposed 


O  O 

I  I 

HTPA  H0-f-CH,-CH,-0-C-C4H,-C-0-)rCH,-CH,-0H 


for  HTPB.  HTPA  lacks  unsaturation  in  the  hy¬ 
drocarbon  backbone.  Accordingly,  no  exothermic 
first  stage  process  should  occur  becauae  crosi- 
linkii^  and  cyclization  involving  the  backhone 
are  not  poasfl^.  Only  the  endothermic  aooond 
stage  of  decomposition  resulting  from  depolymer- 
nation  and  demption  should  be  present.  Figure 
2  verifies  these  expectatkms  and  supports  the 
scheme  described  above  for  HTPB. 

Piirther  details  about  the  chemical  evems  in 
HTPB  were  gained  from  the  IR  spectrum  of  the 
condensed  phase  and  gas  productt  as  a  function 


of  temperanire.  Figure  3  shows  the  main  changes 
in  the  mid-lR  spectrum  of  films  of  HTPB  heated 
to  four  temperatures  covering  most  of  the  decom¬ 
position  eemperalute  range.  At  240*C.  which  is 
oclow  Inis  imipcfKitfc  ringc  wnerc  oqocucnc 
weight  lost  occun,  an  absorbance  appears  at 
1694  cm* '  that  is  characteristic  of  an  a.  fi-m- 
saluramd  carbonyl  group.  Reactions  1  and  2  are 
the  main  reasons.  Ihe  absorptioo  intensiiy  of  r 
(C*0)  is  very  large,  whi^  explains  why  r 
(C**0)  can  be  detected  even  though  there 
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CH, 

CH, 

b  only  one  -OH  group  per  24  butadiene  units  in 
the  sample  used  for  this  work.  The  weight  of  H; 
lost  from  the  polymer  in  reactions  1  and  2  is  too 


small  to  be  detected  clearly  by  TGA.  At  320*C 
during  the  exotherm,  the  cross-linking  and 
cyclization  reactions  leading  to  saturation  of  the 
C=^C  double  bonds  in  the  praducts  of  reactions  I 
and  2  are  indicated  by  the  appearance  of  a  new 
C“0  mode  at  1704  cm' A  carbonyl  stretching 
frequency  will  increase  when  an  adjacent  double 
bond  becomes  saturated.  Cross-linking  reactions 
of  the  type  shown  in  reactions  3  and  4  explain  the 
C=‘0  frequency  shift  from  1694  to  1704  cm' '. 


O 


--CHj-CH=CH-  C-H  -CH 


-  CHj-  C==0  +  -CH 

I 

CH 

fl 

CHj 

in  keeping  with  the  cross-linking  and  saturation 
reactions  3  and  4.  modes  characteristic  of  C— C 
are  absent  at  420*C.  The  indicative  modes  that 
disappear  are  cis*RCH=>CHR  (721  cm"'). 


CH-  -  -CHj-CH-CH-  C-H  (3) 
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-CH- 
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« 

CH — '-CHj-C 

I  I 

HC-CH  (4) 

ill 

HC-CHj 

I 


CH~CH,  (909  and  991  cm  ').  lrans-RHC= 
CHR  (963  cm"').  C=C  (1637  cm  '),  and 
=CHj  (3001.  3072  cm'*).  Volatilization  of  un- 
satura^  fragntents,  such  as  butadiene  and  4- 
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is  only  one  -OH  group  per  24  buudiene  units  in 
the  sample  used  for  this  work.  The  weight  of  H; 
lost  from  the  polymer  in  reactkms  I  and  2  is  ton 


small  to  be  deiecied  clearly  by  TGA.  At  320*C 
during  the  eutherm.  the  cross-linkii^  and 
cycliaatioo  reactions  leading  to  saturatioo  of  the 
C*C  double  bonds  in  the  pioducts  of  reactions  I 
and  2  are  indicated  by  the  appearance  of  a  new 
mode  at  1704  cm ' A  carbonyl  stretching 
frequency  will  increase  when  an  adjacent  double 
bond  becomes  saturated.  Cross-linking  reactions 
of  (he  type  shown  in  reactions  3  and  4  explain  the 
C"=0  frequency  shift  from  1694  to  1704  cm 
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In  keeping  wtdi  the  cross-linking  and  saturation 
reactions  3  and  4.  modes  ehatacterutk  of  C">C 
are  absent  at  420'C.  The  indicative  modes  that 
disappear  are  cis-RCH»CHR  (721  cm‘'». 


CH-CH,  (909  and  991  cm  ').  iraas  RHC* 
CHR  (963  cm  *L  C-C  (1637  cm  and 
-CH,  (3001,  m2  cm  ')  Volaiilualion  of  un 
saturated  ftagments.  such  as  binadiene  and  4 
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vraylcydohexene.  aiw  occun  by  dus  tempemuic 
•ad  cofMhbutes  K>  die  dhappffKice  of  inodes 
associaied  wMi  uasatufaiioa.  Tbe  'H  NMR  spec- 
inun  corroboraies  (iiese  observations.  Tbe 
— CH“  (fl  »  5.4  ppiu),  “CH,  (d  *  5.0  ppm), 
and  -CHjC^  (d  »  2  0  ppm)  signak  of  an  au- 
iheMic  san^  of  HTPB  disappear  wben  the  sam- 
pie  is  heated  to  420*C.  Tbe 'H  NMR  spectram  of 
the  residue  contains  only  a  broad  signei  covering 
the  d  a  0  4  -3.0'ppm  range  dial  arises  from  vari¬ 
ous  none(|ui  valent,  saturamd  CHj  aodCH  groups. 

Ihe  :R  spectrum  of  die  gas-pbase  products  that 
appeal  several  miUimeters  above  the  sarface  of  a 
sample  of  HTPB  heated  ai  about  IOO*C/s  to 
about  450*C  is  shown  hi  Figure  4.  Tbe  spectrum 
was  taken  as  die  sample  reached  450*C.  The 


buiadietie  and  the  dimer  of  butadkr^.  d-vinyl- 
cydohexene  |27|.  Tbe  4-vinykyclohexene  could 
form  from  stabliiation  of  die  dibutadiene  biradi¬ 
cal  or  by  a  Diels-Alder  cyduation  reaction  of 
two  butadience  moleciilcs  |.''i).  CHjO  a  also 
detected,  indtcaung  how  ihr  alcohol  cham  termi¬ 
nus  is  liberaied. 


Thrrmalyiit  af  OiifxKyanale  Cmsa-Linlud 
HTPB  at  lf*C/iran 

Compasite  ract.rt  pmpcilar's  are  cast  with  HTPB 
and  ctHod  to  a  solid  by  the  adduiott  of  a  diiso- 
cyaaate  crrss-lmking  agent.  Several  dibocyanaics 
of  imereti  an  duncryl  diisocymatc  (DDt).  toluene 


absorbances  m  Fig  4  clomly  amch  those  of  diisocvanaie  (TOI).  and  isophorone  ditsocyanaic 


DO 


OCN-4-  Cj^thnar  add  lailcai— NCO 


IICO 


at,Mco 

at, 


POl 


(tPOl)  in  practKC.  IPill  and  001  arr  rim  fre- 
ifucmly  vied  After  the  adduioa  of  one  r<.)tttvalcai 
of  the  dioocyanaic.  the  HTPB  was  cured  for  10 
ib>i  ai  60'C  Tbr  urethane  linkage  shown  m 
reaction  S  fomu  and  n  mponsiWc  for  hsrdrouig 
of  the  priymer 

H  O 

I  i 

Rh^Q  ♦  HOR'  *  R-  N-  C-O  -r  (5) 

F.|«fe  5  shows  the  TG.  DIG.  and  DSC  traces 
qf  ihc  thiee  types  of  crocs-liakcd  polymers  beam? 
at  lO'C/mm  m  •  Aou  at  Ar  HTPB  samples 
cuted  wuh  TIM  and  IPOl  have  two  clearly  re 
soistd  wt^hl  fosi  stqis  w  the  hnt  txafc  of 
dccomfusiiiaa  (the  dcpotyaicnratson.  mns  lia 
kmy.  and  cydixaiian  stage  of  pure  HTPBi  The 
tcmpTfatufC  at  wfuch  these  events  oceur  dcprwds 
on  the  cfoM-lMlunf  agent  More  than  one  u<p 
piotutoly  cxnts  for  the  DO!  HTPB  samplr.  hat 
the  temperatures  are  not  didertaa  enough  m  dtS' 


linguish  the  iMps  The  hr:^  saep  is  man  likely 
associaied  wuh  cleavage  of  the  ureiKanr  rrms- 
links  and  the  second  aicp  is  ihc  rrmi-linknig  t'A 
dcpolymcrutatton  of  the  HTPB  hackhonc 

The  pncscace  of  dicic  overall  rractann  is  coo 
hmuJ  by  (he  IR  ipecmnn  of  ihc  fesidu.s  of  each 
Mmpk  heated  lo  a  act  lempcramre.  Tneac  spectra 
arc  shown  la  Figs  6  k  la  all  casts  the  spectra 
arc  cimsnacai  ndi  clrav^  of  ihc  urethane 
croM  lmk  {the  revrm  of  re«.rma  5)  hci^  the 
hm  mapu  nDactam  as  Pn  docnmposuion  w- 
^uenne  Tins  is  hreauw  an  ahaothance  clsaractcr 
nta  of  NCiy  n  27oP  cm  *  rtihct  farnscsl  oc 
grew  hy  ’30’r  Br.wcen  220*  and  tkO*C  further 
dmocsatioo  of  the  ureihane  Imlayc  is  rvadciu  m 
Ihc  docrcaw  o>.  the  IR  absorptions  ai  HU  cm  * 
(NIH.  IXM  cm  '  fC^t»».  1 510  cm  '  irSIU. 
and  1232  cm  ’  (C  —  Ol  fhlarrs  hase  contludod 
that  ihr  iiietlsanc  linhigc  of  ruted  Him  is  ihc 
Dm  tioad  to  dcavr  during  thermal  dgopnipasaiKni 
|I2.  13.  M)  Ihr  pievcm  ilaia  remforre  dm 
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»  tte  TQA.  om.  md  nr  «» «e  ca\ 
m  Ntf«  (»i  mi  »n  «m«  lO  ibmi  m  wXiW 

*%  xa  (AaMiAar  A« 

»e$mm  Alao.  uiw9««o«  aad  wobultumi  of  Cn^ 
mtm%  cOTfMMtf  C-C  iMidt  aocm  m  miKma 
Ia  tfw  hm  of  mciM«T  of  Bk  ihwal—rTi  dMrx- 
trmtK  of  C^C  five*  miBk  ^nminii  wlwcoiiw 
k  N  ilCTrwiiif  lo  Mir  tfiai  Ac  icsates  of  all 
Arte  iraAKb  *  420*C  m  Fipt  k-t  ha«c  Bk 
iMT  111  ipcgn—  »  A*  of  Ac  iciiAic  froi  pore 
HTIil  Apwh  10  Ftft  )  Tktt  fcoak  mAcatot  Am 


AisocyoAsic  volaiilutcs.  <he  HTFB  icsiAK  be- 
hivcs  e»eftiiaJlv  as  Aoug..  u  had  never  been 
urethme  c.uss-liaiicd. 

The  fos  products  Am  apfcar  »  near  reat-tiiw 
teverai  miilimelen  above  Ae  surface  of  Aese 
cross-linked  polymers  add  furAer  support  for  Ae 
rraciion  scheme  described  above.  These  gas 
products  are  Aown  A  Mgs.  9>:i  and  occur 
from  a  sample  of  each  porymer  heated  ai  abou! 
lOO'C/s  lo  430‘C.  The  must  important  point  is 
ilhirtraicd  «r«A  Ae  dau  for  TDI-HTPB.  The  ini- 
lully  detected  products  contain  Ae  —  NCO  group 
and  CO>.  The  —  VCf)  gtorjp  comes  from  cleav¬ 
age  and  voiauluation  of  ;he  isocyanate  cross- 
Imkmg  agent  Clj  car  form  by  decarboiylation 
of  the  umhane  linkage  as  shown  A  nsactioii  b: 

HO  H 

i  I  I 

k-  H  <; -  OR*  -  R- N-r  ♦  CO,.  (6) 

After  Atk  producu  from  Ac  urcAane  imkafe 
appear,  abtotptmns  uisocutrd  »iA  Ar  HTFB 
hachbowc  hc^M  lo  appear  at  lughm^ . 

lempcraiurc  The  MparMton  of  Aeae  events  is 
icu  cimr  «  Ae  IFDI  HTP8  aud  OOl-HTPB  dan 
shown  m  Figs  10  attd  11  bjcavse  of  Ae  lower 
volMiiny  of  in>l  and  PtH  as  daeuxsed  befow. 

The  tempcmiwe  of  Ac  i/snci  of  uet^  ton  w 
Aeie  crau-faakad  polytnert  foUows  Ae  order 
TIN  HTFB  <  IPW  HTFB  <  001  HTFB  accord 
tag  to  Fi|  ^  Thu  tnend  fodowi  Ae  boding 
tcinpefatune*  of  Ae  percM  uneyiMtt  TtN 
(lire  M  I  kFai  IFDI  (ISR’C  ■:  I  )  kF*) 
<  DOf  tMnrolMtk)  Thas.  Aa  urcAane  tndagci 
diwociaic  on  hcMMg  m  part  to  give  Ae  parem 
nncyiMMe  esotcruk  wtumr  rate  of  escape  from 
Ar  rnmns  «s  oMuraOBd  by  «s  vapor  pruware 

Accordmg  to  Ac  OSC  dMa  »  I  and  3  Ar 
csoAcntnccy  of  Ac  ftnt  Mapr  of  Astuwpouiinn 
faAms  dv  order  HtFfl  >  TOI  HTFB  mM 
HTFB  >  DOI  HTFB  The  trend  toUows  dw 
'  letgk*  ^raemm  <4  HTFB  m  Ae  pnlirtacrs.  wktcli 
H  wiiunac*scd  m  TtMe  I  As  die  mtemm  of 
HTFB  m  Ac  sampk  decneanes.  Ar  tmmJm  of 
C^C  honds  decreases,  wktcli  ropento  An  Ar 
HHtAcr  of  C'^C  hands  m  Ac  palynseii  moudy 
snaerols  Ar  nsuwiu  of  cncf|ty  rekated  m  Ac  bnt 
akp  The  rauAsmaeny  resaks  from  Ac  cnergs 
idemed  m  Ac  cross -kiArtg  and  cj^ftiatsan  m 
vuf*^  Ar  C^C  hrodi  of  Ar  HTFB  harKbonc 
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TABLE  2 


Anhenius  Panunders  for  HTPA.  HTPS,  and  Diisocyanale  Crois-linked  HTPB  Meawred  by  the  Noniiothennal  TCA  Method 

at  a  Heating  Kate  of  tO'C/min 


Polymer 

First  Stage 

Second  Stage 

E. 

(kcal/mol) 

log  A 

(s') 

r 

CC) 

E. 

(kcal/mol) 

log  A 

(»■') 

T 

CC) 

HTPA 

23.5 

34 

348-398 

HTPB 

18.8 

1.1 

328-420 

46.6 

10.1 

436-470 

TDI-HTPB 

45.6 

9.7 

436-470 

DDI-HTPB 

45.6 

9.7 

436-470 

IPDI-HTPB 

46.0 

9.8 

436-470 

dau  cannot  be  routinely  extended  to  describe  the 
polymers  under  the  conditions  that  die  condensed 
phase  experiences  during  combustion.  To  estab¬ 
lish  the  behavior  under  high  heating  rate  condi¬ 
tions,  SMATCH/FTIR  studies  in  Ar  were  under¬ 
taken. 

Because  of  the  high  heating  rates  employed  in 
SMATCH/FTIR  studies,  care  must  be  taken  to 
produce  a  film  of  material  that  is  thin  enough  to 
prevent  a  large  temperature  gradient  from  devel¬ 
oping  during  heating  (18].  If  this  condition  is 
met,  then  the  kinetics  of  mass  loss  will  be  con¬ 
trolled  predominately  by  molecular  processes 
rather  than  by  heat  transfer.  Films  of  approxi¬ 
mately  60  iim  thickness  and  0.8  mg  mass  were 
used  in  this  study,  ensuring  that  the  temperature 
difference  across  the  film  will  be  no  larger  than 
10‘-15’C. 

Figure  13  shows  a  typical  composite  plot  of 
the  SMATCH/FTIR  dau  for  TDI-HTPB,  The 
weight-loss  (l-a)  was  fit  as  a  function  of  time  by 
the  polynomial  equation  8  using  the  coefficients 
given  in  Table  3: 

1  -  o  -  ^  a,/'.  (8) 


Time  (sec) 


The  calculated  curve  for  TDI-HTPb  is  shown  on 
Figure  13.  DiTerentiation  of  Eq.  8  yields  da/dt. 
The  values  of  1  —  a  and  da  fdt  at  each  T  from 
the  temperature  trace  as  a  function  of  time  are 
used  in  Eq.  9  to  compute  E  and  log  A.  The 
value  of  n  was  chosen  so  as  to  linearize 
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n  s  2  has  been  found  to  linearize  SMATCH/ 
FTIR  dau  and  has  been  rationalized  elsewhere 
[19].  Figure  14  shows  the  Arrhenius  plots  and 
Table  4  summarizes  the  resulting  consunts. 

The  regression  (bum)  rates,  r,  of  energetic 
nitrate  ester  and  organoazide  polymers  can  be 
calculated  from  L*ie  kinetics  daU  determined  by 
SMATCH/FTIR  spectroscopy  [18,  19].  The  re¬ 
gression  rates  at  IS  psi  agree  well  with  the  values 
obuined  by  extrapolation  of  combustion  dau  at 
higher  pressure  [18.  19].  By  using  the  kinetic 
consunts  for  the  polymers  in  Table  4,  the  nomi¬ 
nal  SMATCH  film  thickness  of  /i  =  60  fim,  a 
decomposition  temperature  of  3S0*C,  and  a  mod¬ 
ified  version  of  the  pyrolysis  law  (Eq.  10),  the 


Fig.  13.  SMATCH/FTIR  daU  tor  TDI-HTPB  showing  the 
experimenial  and  polynoinial  curvr  fit  weight  loss  data,  the 
temperature  trace,  and  the  time  t'f  appearance  of  the  gas 
products  The  details  of  these  gas  pioducts  are  shown  in  Fig 
9  at  a  somewhat  lower  heating  rate.  The  atlllnsphere  was  IS 
pai  of  Ar. 
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TABLES 


Polyaomtal  Oirve  Rning  Coellicieaa  for  HTPA, 
Hmt,  «td  Diisocyioaie  Crots-liiiked  HTPB 


Mymer 

•j 

rCQ 

HTPA 

2.999 

-3.321 

1.577 

-0.321 

303-430 

HTPB 

1.957 

-1.780 

0.584 

-0.065 

325-440 

DOi-KTPB 

6.217 

-8.854 

4.III 

-0.583 

325-425 

tPDI-HTPB 

4.883 

-6.731 

3.438 

-0.634 

317-430 

TDI-HTPB 

3.004 

-1.847 

0.021 

0.105 

315-430 

regression  rates  given  in  Table  4  were  determined 
under  IS  psi  of  Ar: 

r(mm/s)  =  (10) 

The  film  thickness  of  60  /rm  is  similar  to  the 
thickness  expected  of  the  surface  reaction  zone 
during  combustion  at  this  pressure.  The  bum  rate 
of  IPOI-HTPB  measured  at  higher  pressures  [36] 
and  extrapolated  to  IS  psi  is  0.19  mm/s.  This  is 
in  excellent  agreement  with  the  value  determined 
here  of  0.21  mm/s.  As  an  additional  check,  the 
linear  pyrolysis  rates  of  several  other  hydrocar¬ 
bon-based  poiymers  can  be  estimated  by  extrapo¬ 
lation  of  higher  temperature  data  to  35G*C.  For 
example,  polysQrrene  with  a  molecular  weight  of 
21,000  has  a  regression  rate  of  about  0.2  mm/s  at 
350*C  [37J.  The  value  for  polyfiriethylmethacry- 
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late)  is  about  O.OS  mm/s  (37].  A  butadiene- 
styrene  copolymer  extrapolates  from  higher  tem¬ 
perature  to  about  0.06  mm/s  at  3S0*C  (37).  The 
fact  that  the  regression  rates  for  the  polymers 
shown  in  TiMe  4  fall  imo  this  general  range  of 
O.OS-0.2  mm/s  combined  with  the  good  agree¬ 
ment  of  the  IPDI-HTPB  data  gives  confidence  in 
the  use  of  the  SMATCH/FTIR  data  to  character¬ 
ize  the  mechanism  of  degradation  HTPB  under 
conditions  resembling  those  of  combuUion. 

The  low  values  of  E  and  A  in  Table  4  indicate 
that  chemical  bond  breaking  is  not  the  controlling 
process  in  the  decomposition  of  these  polymers  at 
high  heating  rates.  This  is  one  of  the  major 
differences  between  the  kinetics  and  mechanisms 
obtained  at  the  low  heating  rates  described  in  the 
previous  three  subsections  and  those  obtained  by 
SMATCH/FTIR  at  fast  heating  rates.  Low  acti¬ 
vation  energy  values  have  been  obtained  by  oth¬ 
ers  when  materials  are  heated  at  a  high  rate.  The 
low  values  have  been  interpreted  as  indicating 
that  desorption  of  fragments  is  rate-controlling 
(4,  6,  7,  37,  38),  while  others  propose  that 
subsurface  processes  dominate  (39-41).  Through 
the  following  facts,  SMATCH/FTIR  spec¬ 
troscopy  supports  the  surface  desorption  interpre¬ 
tation.  Ihe  IR  spectrum  of  the  gases  liberated 
from  the  polymer  film  (Figs.  9-11}  reveals  that 
only  butadiene,  vinylcyciohexene  (the  dimer  of 
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TA8I.E4 

Arrhenius  Panmeters  for  HVPA.  HTPB. 


and  Diisocyanale  Cross-linked  HTPB  Measured 
by  SMATCK/FTIR  Sjiertroscopy 
(regresskN.  rale  cakulatsd  Iq^  Eq.  10) 


Polymef 

£(kc»l/mot)‘* 

to«H(x-') 

r  (moili) 

HTPA 

7.8  ±  0.7 

3.t  ±0.1 

G.i4 

HTPB 

8..7  t  1.2 

3.1  ±  0.4 

0.09 

DDI-HTP8 

12.5  ±  0.3 

4.9  ±  0.2 

0.20 

IPDI-HTPB 

11.3  £  2.4 

4.5  ±  0.9 

0.21 

TDt-HTPB 

'>.2  ±  1.3 

3.6  ±  0.4 

0.14 

^  Apparent  reaction  order  n  =  2. 

1  he  average  of  two  experiments. 


butadiene),  CHjO,  an  isocyanate  and  COj  are 
formed  on  rapid  thermolysis.  Hence,  the  pixxiuct 
gases  are  clipped  fragments  of  the  polymer  and 
the  cross-linking  agent.  COj  probably  forms  by 
reaction  6.  There  is  vety  little  time  tor  the 
exothermic  cross-linking  and  cyciization  reactions 
to  take  place  in  the  polymer  matrix,  as  they  do 
when  these  polymers  are  slowly  heated.  In  keep¬ 
ing  with  this,  there  is  no  evidence  of  an  initial 
exotherm  in  the  dicnnal  trace  at  the  high  heating 
rate  of  Fig.  13,  as  there  is  in  the  DSC  traces  of 
Figs.  I  and  5  at  a  low  heating  rate.  Furthermore, 
TDl  appears  in  the  gas  phase  in  advance  of  the 
HTPB  fragments,  whereas  IPDI  and  DDI  are 
detected  at  about  the  same  time  as  the  polymer 
fragments.  This  observation  is  consistent  with  the 
data  obtained  at  slow  heating  rates  where  the 
volatility  of  the  isocyanate  cross-linking  agent 
plays  an  important  role  in  the  thermal  stability  of 
the  cross-linked  polymers.  Thus,  the  low  appar¬ 
ent  activation  energy,  the  absence  of  an  exotherm, 
and  the  appearance  of  clipped  polymer  fragments 
support  desorption  as  the  process  that  dominates 
the  regression  rate  of  HTPB  and  diisocyanate- 
HTPB  polymers. 

The  diisocyanate  cross-linked  HTPB  samples 
are  predicted  to  have  somewhat  higher  regres¬ 
sion  rates  than  pure  HTPB  according  to  the 
SMATCH/FTIR  kinetics  data  in  Table  4.  The 
values  of  r  at  15  psi  calculated  for  the  HTPB 
samples  by  equation  10  are  given  in  Table  4.  The 
cross-linked  polymers  are  more  rigid,  and  there  is 
a  pattern  of  higher  regression  rates  with  higher 
rigidity  in  linear  pyrolysis  studies  of  other  poly¬ 
mers  [37J.  The  cross-linked  HTPB  samples  would 
not  be  expected  to  have  vastly  different  regression 
rates  that  pure  HTPB  because  the  urethane  cross¬ 


link  U  the  weakest  bond  in  the  molecule.  It  is 
usehil  to  note  that  the  bum  rates  for  AP-HTPB 
composite  propcilants  cured  with  IPDI  and  DDI 
are  available  in  the  2-12  MPa  1290-1740  psi) 
range  (34,  361-  The  bum  rate  of  the  IPDI-cured 
propellant  Is  slightly  higher  than  that  of  the  DDI- 
cured  propellant.  Table  4  shows  that  the 
SMATCH/FTIR  kinetics  predicts  the  same  trend 
although  the  burn  rates  are  veiy  similar  for  these 
two  polymers.  Hence,  despite  the  different  heat¬ 
ing  rates,  the  conditions  that  the  condensed  phase 
experiences  during  combustion  appear  tc  be  well 
simulated  by  SMATCH/FTIR  spectroscopy. 

We  wish  to  stress  again  that  the  major  gas 
products  detected  with  SMATCH/FTIR  spec¬ 
troscopy  are  very  similar  to  those  obtained  with 
our  other  fast  thcrmolysis/FTlR  methods  (20). 
Therefore,  this  previous  work  covering  a  large 
range  of  other  materials  identifies  the  major  gas 
products  that  feed  the  first  stage  of  the  ffame  zone 
during  combustion  of  those  materials.  As  the 
decomposition  products  leave  the  rapidly  reacting 
condensed  phase  and  enter  the  cool  atmosphere  of 
the  cell,  any  highly  reactive  species  will  have 
reacted  further  to  form  more  stable  molecules. 
Thus,  some  additional  thought  may  be  needed 
before  the  gas  product  data  from  fast  thermoly- 
sis/FTIR  techniques  are  transferred  to  flame 
models,  where,  rather  than  being  quenched  in  a 
cool  atmosphere,  the  gas  products  enter  an  even 
hotter  zone.  In  the  case  of  HTPB  the  gas  products 
are  straightforward.  Butadiene  monomer  and 
dimer  are  the  major  products  that  leave  the  sur¬ 
face  and  enter  the  hotter  flame  zone  during  com¬ 
bustion.  The  actual  dimer  of  butadiene  that  is 
observed  is  4-vinylcyclohexcnc.  This  molecule  is 
the  stabilized  form  of  the  butadiene  dimer  and 
may  be  present  primarily  because  of  the  cool  Ar 
atmosphere.  In  the  reality  of  combustion  the 
higher  temperature  of  the  flame  zone  would  cause 
the  butadiene  monomer  and  dimer  that  leave  the 
surface  to  pyrolyzc  in  the  gas  phase  into  smaller 
fragments  before  mixing  with  the  oxidizer  gases. 
In  accordance  with  this  expectation,  the  IR  emis¬ 
sion  spectrum  of  an  AP-HTPB  flame  at  15  psi 
contains  evidence  of  low-moiccular-wcight  hy¬ 
drocarbon  fragments  (42]. 

IVe  are  grateful  to  the  Air  Force  Office  of 
Scientific  Research,  Aerospace  Sciences,  for 
support  of  this  work  on  AFOSR-89-OSTI. 
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Thermal  Decomposition  of  Enei^etic  Materials  52.  On  the 
Foam  Zone  and  Surface  Chemistry  of  Rapidly 
Decomposing  HMX 

S.  F.  PALOPOLI  and  T.  B.  BRILL* 

Department  of  Chemistry,  University  of  Delaware,  Nevtark,  DE 19716 


Studies  designed  to  perluri)  selected  surface  and  foam  tone  reactions  characteristic  of  burning  HMX  are  described. 
This  was  done  by  determining  the  gat  product  ratios  from  carefully  controlled  fast  thermal  decomposition  ( >  100 
K/s)  of  a  thin  film  of  HMX  in  atmospheres  of  Ar,  Hj.  Oj.  CO,  NO,  NO],  and  NH).  The  results  are  correlated 
with  experimental  combustion  data  and  thermochemical  modeling  studies  of  nitramines.  A  consistent  picture  about 
some  of  the  probable  reactions  in  the  heterogeneous  foam  and  fizz  zones  emerges.  H],  CO,  O],  and  NO  affect  the 
secondary  thermolysis  reactions  in  these  zones.  NH,  appears  to  affect  both  the  primary  and  secondary  ructions, 
while  NO]  is  directly  involved  in  primary  decomposition  reactions.  HNCO  and  CH  ,0  appear  to  be  products  from 
secondary  condensed  phase  reactions.  The  results  suggest  that  NH^,  sites  and  NO,  are  caulyzaMe  species  for 
bum-tale  modification  of  nitramine  propellants. 


INTRODUCTION 

A  conspicuous  aspect  of  the  combustion  of 
nitramine  propellants  is  the  insensitivity  of  the 
bum  rate  and  pressure  exponent  to  combustion 
modifiers.  A  systematic  approach  to  understand¬ 
ing  this  problem  requires  an  accurate  description 
of  the  fast  thermolysis/combustion  mechanism. 
Changes  in  the  physical  aspects  of  the  burning 
surface  as  a  function  of  pressure  are  an  accepted 
explanation  for  the  pressure  dependence  of  nitra¬ 
mine  combustion  [1-4].  Chemically,  H  atoms 
appear  to  be  important  in  the  rate-controlling  step 
both  in  the  condensed  phase  [S]  and  the  gas  phase 
[6].  Most  of  the  heat  is  proposed  to  have  been 
released  in  the  gas  phase,  which  would  suggest 
that  the  bum  rate  is  dominated  by  the  secondary 
flame  [7],  If  too  much  of  the  exothermic  chem¬ 
istry  occurs  in  the  secondary  flame  away  from  the 
burning  surface,  then  the  heat  feedback  to  the 
surface  will  be  small.  Other  investigators  [8]  have 
concluded  that  nitramines  intrinsically  decompose 
to  more  stable  products  and  produce  relatively 
small  amount  of  catalyzable  species,  such  as  NH  ^ 
and  NO,,  thus  explaining  their  insensitivity  to 
bum-rate  modifiers. 

Identification  of  the  catalyzable  species  under 
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fast  thermolysis  conditions  is  needed  in  order  to 
apply  chemical  modifiers  to  propellant  combus¬ 
tion.  Ten  IR-active  gas  products  are  detected  by 
real-time  FTIR  spectroscopy  during  high-rate 
thermolysis  of  HMX.  These  gas  products  are 
NOj,  NO,  NjO,  HONO,  HNCO,  HCN,  CH,0, 
CO,  CO2,  and  H2O  (9].  Infrared-inactive  species 
H2,  N2,  and  O2  may  dso  be  present.  Although  a 
complex  set  of  reactions  produces  these  products, 
recent  progress  [S-7,  9-12]  coupled  with  past 
work  (13-24],  permits  a  semiempirical  scenario 
of  the  decomposition  process  to  be  developed. 
The  chemical  processes  occurring  at  the  hetero¬ 
geneous  condensed-phase -gas-phase  interface  of 
HMX  can  be  probed  by  perturbing  them  with 
atmospheres  of  several  of  the  known  decomposi¬ 
tion  gases,  i.e.,  H2,  CO,  O],  NO,  and  NO].  In 
addition,  the  NH,  atmosphere  was  studied.  Al¬ 
though  NH,  is  not  a  product  of  HMX  decomposi¬ 
tion,  species  containing  NH  bonds  may  play  a 
role  as  intermediates  in  the  elemenury  reactions. 

Previous  studies  (24-29]  of  nitramine  decom¬ 
position  in  the  presence  of  one  of  these  gases 
have  produced  contradictory  results  about  the 
global  reaction  rate.  Reaction  rates  have  been 
measured  by  weight  loss  or  gas  evolution,  but  no 
decomposition  product  analysis  was  reported. 
NO]  and  CHjO  were  found  to  be  both  accelerat¬ 
ing  and  inhibiting  (24-28].  O,  inhibits  (24,  29] 
while  NO  (24,  28]  and  NH,  (29]  enhance  the 
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glotMl  decomposition  rate.  Water  vapor,  CO,  and 
NjO  had  no  effect  on  the  rate  relative  to  decom¬ 
position  in  an  inert  atmosphere  (Ar  or  Nj).  These 
previous  experiments  were  performed  isother- 
mally  below  the  melting  point  of  the  nitramine  or 
at  low  heating  rates  near  the  melting  point.  Rather 
than  true  melting,  HMX  is  known  to  undergo 
condensed  phase  liquefaction  with  concomitant 
decomposition  (30,  31].  The  heterogeneous  lique¬ 
faction  phase  is  initially  composed  of  some  solid 
nitramine,  molten  nitramine,  decomposition  frag¬ 
ments,  and  evolving  gases.  Some  of  the  contra¬ 
dictions  in  the  previous  findings  on  the  sensitivity 
of  the  reaction  rate  to  the  atmosphere  may  stem 
from  the  difficulty  of  defining  and  controlling  the 
reaction  zone.  Therefore,  rather  than  to  study 
rates,  we  have  focused  on  the  products  of  the 
reaction  in  this  article. 

Figure  1  defines  the  reaction  zones  of  propel¬ 
lant  combustion  in  one  dimension.  The  chemistry 
of  the  foam  and  di<:persed  phase  are  nearly  im¬ 
possible  to  study  directly  during  combustion,  and 
yet  this  surface  region  is  vitally  important  be¬ 
cause  it  connects  the  gas  phase  to  the  condensed 
phase.  Therefore,  the  experiments  described  in 
this  article  attempt  to  perturb  the  reactions  in  a 
simulation  of  the  foam  and  disperse  zone  and 
thereby  gain  insight  into  the  important  surface 
chemistry.  This  objective  was  approached  by  per¬ 
forming  near  real-time  in  situ,  IR  analysis  of  the 


GM  ptWM 


aiuH 


piMM 


Out 


Flu  lOIM  -  WUMTV 
Fom  torn 

Svfe-WVtM*  riH  COM 

S«ld  frappSuM 


rig.  1.  A  Khenutic  depiolioa  in  one  dimeniion  of  the  nujor 
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gases  evolved  during  high-rate  (  >  100  K/s)  ther¬ 
molysis  of  a  thin  film  of  HMX  in  various  reactive 
atmospheres.  In  doing  so,  the  catalyzable  species 
and  the  nature  of  the  reactions  ate  better  defined. 
We  fully  realize  that  the  process  we  have  studied 
is  very  complicated.  Therefore,  classes  of  ele¬ 
mentary  reactions  are  given  whose  known  rates 
nuke  diem  plausible  contributors  under  the  condi¬ 
tions  of  this  experiment.  In  this  way,  the  work 
helps  bridge  some  of  the  experimental  combus¬ 
tion  observations  (32]  and  thcrmochcmical  mod¬ 
eling  studies  (7). 

EXPERIMENTAL 

HMX  was  used  in  this  study  for  experimenUd 
convenience.  Its  higher  liquefaction/decompo¬ 
sition  temperature  results  in  no  detectable  sub¬ 
limation  at  I  atm  pressure  under  the  heating 
conditions  used.  Nitramine  aerosol,  if  present, 
complicates  the  quantiution  of  NO;  and  HONO. 
HMX  recrystallized  from  ACS  grade  acetonitrile 
was  dissolved  in  hot,  reagent  grade,  glacial  acetic 
acid  and  slowly  cooled  to  yield  a-HMX.  This 
procedure  is  effective  for  removing  traces  of  RDX 
from  HMX  (33].  A  third  recrystallization  from 
spectrophotomctric  grade  acetone  converted  the 
or-HMX  back  to  /3-HMX,  which  is  the  highest- 
density,  most  suble  polymorph  at  STP  (34).  The 
triply  recrystallized  HMX  was  redissolved  in  ace¬ 
tone  and  the  solvent  removed  by  rotary  evapora¬ 
tion,  yielding  a  free-flowing,  fine  powder. 

The  gases  used  in  this  study  were  obuined 
from  Matheson  or  Union  Carbide  Linde  and  were 
used  as  received.  The  gases  and  their  purities 
were  Ar  (UHP,  99.999%  min.),  Oj  (research, 
99.997%  min.),  CO  (C.P.,  99.5%  min.),  NHj 
(anhydrous,  99.99%  min.),  H;  (pre-purified, 
99.99%  min.),  NO  (C.P.,  99%  min  ),  and  NO, 
(C.P.,  99.5%  min.). 

The  high  healing  rate  thermolysis  experiments 
were  conducted  in  a  modified  IR  transmission  cell 
(Foxboro  Analytical  Model  40  Pyro-Chem).  The 
Ni-plated  cell  has  a  free  internal  volume  of  about 
25  cm*  and  can  be  filled  with  ilie  gas  of  choice  at 
pressures  of  I0~*-  I0(X)  torr.  The  bottom  plate  of 
the  cell  incorpotaied  electrical  feedthroughs  for 
mounting  a  nichromc  IV  ribbon  healer  filament. 
The  overall  dimensions  of  the  filament  are  2.5  x 
0.6  X  0.012  cm.  The  bottom  plate  was  sealed 
against  the  cell  body  with  a  silicone^bber  gas- 
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ket.  Ali  of  the  other  seals  and  g^kels  in  the 
system,  including  those  in  the  manifold  described 
below,  were  made  of  Teflon,  vHon,  or  Kel-F. 
The  standard  valve  was  replaced  with  a  stainless- 
steel  (SS)  Whitney  severe  service,  union  boruiet 
valve.  The  cell  was  modified  to  accept  a  3D 
Instruments  Precision  vacuum  gauge  (O.S%  accu¬ 
racy).  The  interna)  surfaces  of  this  corrosion 
resistant  gauge  are  SS  and  Inconel  X-7S0.  A 
corrosive  service  lecture  bottle  regulator  (Mathe- 
son  Model  3332)  was  used  with  NO,  NO^,  and 
NHj. 

A  gas  manifold  was  constructed  for  filling  the 
cell  with  the  desired  atmosphere.  The  manifold 
consisted  of  a  304  SS  cross,  the  four  arms  of 
which  are  connected,  respectively,  to  the  pyroly¬ 
sis  cell,  a  LN]  trapped  vacuum  line,  an  Ar  gas 
cylinder,  and  the  cylinder  of  the  reagent  gas.  Tlie 
lines  to  the  Ar  and  the  reagent  gas  cylinders  were 
coiled  lengths  of  j-in  o.d.  316  SS  tubing  incorpo¬ 
rating  protective  SS  check  valves.  The  line  to  the 
ceil  was  a  12-in  length  of  a  j-in  i.d.  SS  flexible 
bellows  tube. 

In  a  typical  experiment,  1  mg  of  powdered 
HMX  was  thinly  spread  in  the  cusp  of  the  2.S  x 
0.6  X  0.012  cm  nichrome  filament.  The  cell  was 
filled  with  the  desired  atmosphere  and  placed  in 
the  sample  compartment  of  a  Nicolet  60SX  FTIR 
spectrometer  equipped  with  an  MCT-B  detector. 
The  cell  was  positioned  such  that  the  IR  beam 
passed  a  few  millimeters  above  and  parallel  to  the 
long  axis  of  the  filament.  The  pathleogth  of  the 
cell  was  5  cm.  The  IR  beam  at  the  focal  point  is  3 
mm  diameter.  Varying  the  height  of  the  beam 
relative  to  the  sample  causes  some  time  delay 
effects  but  the  product  concentratkms  are  not 
greatly  altered  (9].  The  heating  rale  and  final 
filament  temperature  were  controlled  by  varying 
the  current  setting.  The  sample  of  HMX  melted 
to  a  thin  film  immediately.  Spectra  of  the  evolved 
decomposition  products  were  recorded  in  situ  as  a 
function  of  lime  using  the  rapid-scan  mode.  De¬ 
composition  was  monitored  for  10  s.  The  spec¬ 
trometer  was  set  to  collect  10  scans  per  second, 
co-adding  two  spectra  per  file.  These  collection 
paranKters  result  in  a  wavenumber  resolution  of 
4cm''  and  a  temporal  resolution  of  200  ms. 

The  baseline  thermolysis  studies  in  an  inert 
atmosphere  of  Ar  were  run  at  heating  rates  of  40 
to  180  K/$,  with  corresponding  final  filament 
lemperaiuies  of  600-1000  K.  Calibration  of  the 


filament  temperature  was  made  with  melting 
poinu  of  Aldrich  standards.  The  heating  response 
is  not  linear  throughout  the  10-s  tun.  The  quoted 
heating  rates  are  the  initial  heating  rates  during 
the  first  1-2  s  of  the  tun,  when  tiie  response  is 
nearly  linear.  For  the  studies  in  reactive  atmo¬ 
spheres  an  initial  heating  rate  of  140  K/s  was 
used.  The  corresponding  final  filament  tempera¬ 
ture  was  900  K.  The  filament  temperature  as  a 
function  of  time  was  calibrated  by  spot-welding  a 
fine  Type  J  thermocouple  to  the  filament  and 
recording  the  output  on  a  digital  storage  oscillo¬ 
scope.  The  temperature -time  profile  for  an  initial 
heating  rate  of  140  K/s  is  shown  in  Fig.  2. 

For  the  experiments  in  an  IR-active  atmosphere 
(CO,  NO,  NO,,  NHj),  it  was  necessary  to  cor¬ 
rect  the  decomposition  spectra  by  digiul  subtrac¬ 
tion  with  reference  spectra.  The  relatively  intense 
characteristic  absorptions  of  the  reagent  gas  must 
be  removed  to  obtain  a  baseline  satisfactory  for 
quantifying  the  adjacent  absorptions  of  the  HMX 
decomposition  products.  Also,  when  the  nichrome 
filament  was  fired,  the  surrounding  reagent  gas 
heated  during  the  10-s  run  resulting  in  slightly 
broadened  absorption  bands.  Good  spectral  sub¬ 
tractions  with  minimal  artifact  required  reference 
spectra  measured  under  the  same  cenditions. 
Thus,  a  set  of  reference  spectra  were  collected 
for  each  IR-active  gas  by  filling  the  cell  with  the 
desired  gas,  firing  the  empty  filament  for  10  s, 
and  recording  the  spectra  as  described  above.  The 
spectra  of  the  thermolysis  products  from  the  de¬ 
composition  of  HMX  in  an  atmosphere  of  an 
IR-active  gas  were  corrected  by  digital  subtrac- 
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tives  indirectly  during  Sow-temperature  nitnunine 
decomposition  using  GC-MS  (37)  or  via  HPLC 
of  nitramine  combustion  residues  [38].  There  is 
no  evidence  for  lutrosoamines  in  the  present  work. 
This  may  be  due  to  low  volatility,  obscuration  of 
the  characteristic  nitrosoamine  IR  bands  by  the 
other  products,  or  concentrations  below  the  limit 
of  detection. 

Under  the  conditions  of  this  experiment,  most 
of  the  HCN,  NOj,  and  NjO  arise  from  skeletal 
breakup  of  HMX  or  pyrolysis  species,  such  as 
O2NNCH2  or  the  AMNA  radical  suggested 
aiMve.  CH2O  results  from  intramolecular  or  in- 
termolecular  O-atom  transfer  or  reaction  of  OH 


with  skeletal  derived  -CH2-.  Study  of  a  large 
series  of  nitramines  has  shown  that  the  initial 
amounts  of  HONO  can  be  correlated  with  the 
H/NO2  ratio  of  the  parent  nitramine  [39].  HONO 
forms  predominantly  from  adventitious  contact 
with  H  radicals  or  NO2  abstraction  of  H  from 
weakly  bound  hydrogenated  species  such  as 
HjCN. 

Previous  investigators  [13-24]  have  spcjculated 
on  the  importance  or  extent  of  reactions  based  on 
C-N  bond  homolysis  versus  N-N  bond  homoly¬ 
sis.  It  is  commonly  believed  that  CH2O  and  NjO 
form  from  coupled  processes,  such  as  (1)  in¬ 
tramolecular  0-atom  transfer  from  the  -NNO2 
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lives  indirectly  during  iow-tefnpenture  nitnmine 
decomposition  using  GC-MS  (37]  or  vis  HPLC 
of  nitnunine  combustion  residues  (38].  There  is 
no  evidence  for  nitroeosfnines  in  the  present  work. 
This  may  be  due  to  low  volatility,  obscuration  of 
the  characteristic  nhrosoamine  IR  bands  by  the 
other  products,  or  oonoentrations  below  the  limit 
of  detection. 

Under  the  conditions  of  this  experiment,  most 
of  the  HCN,  NO|,  and  NjO  arise  from  skeletal 
breakup  of  HMX  or  pyrolysis  species,  such  as 
OjNNCH]  or  the  AMNA  radical  suggested 
above.  CHjO  results  from  iniiamolecular  or  in- 
lermolecular  O-atom  transfer  or  reaction  of  OH 


with  skeletal  derived  -CHj--  Study  of  a  large 
series  of  nitramines  has  shown  that  the  initial 
amounts  of  HONO  can  be  correlated  with  the 
H/NO}  ratio  of  the  parent  nitnunine  (39].  HONO 
forms  predominantly  from  adventitious  contaa 
wHh  H  radicals  or  NO,  abstraction  of  H  from 
weakly  bound  hydrogenated  species  such  as 
H,CN. 

Previous  investigaton  (13-24]  have  speculated 
on  the  imponance  or  extent  of  reactions  based  on 
C-N  bond  homolysis  versus  N-N  bond  homoly¬ 
sis.  It  is  commonly  believed  that  GHjO  and  NjO 
form  from  coupled  processes,  such  as  (I)  in¬ 
tramolecular  O-atom  transfer  from  the  -NNO, 
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group  to  -CH]-  in  HMX  and  coocomiunl  C-N 
bond  scissions  (2?),  (2)  uniiitolecuUr  deoMnposi- 
tkm  of  a  HjCNNO,  fragment  via  a  similar  proc¬ 
ess  (11],  or  (3)  a  bimolecutar  OH-cauiyzed  de- 
composttKNi  of  H]CNNO}  (7].  High-rate  ther¬ 
molysis  coupled  wkti  real-time  product  analysis 
cut  shed  some  light  on  these  questkms. 

Examination  of  Figs.  3-S  shows  that  products 
of  bodi  C-N  and  N-N  bond  homolysis  reaaions 
are  important,  because  of  their  higher  reactivity, 
NO}  and  CH}0  may  be  less  reliable  indicaton  of 
the  relative  importance  of  N-N  versus  C-N  scis¬ 
sions.  HCN  (product  of  N-N  setssioo)  and  NjO 
(product  of  C-N  scission)  are  very  stable  except 
at  the  higher  heatiag  cates  and  derampoaition 
(filament)  «emperalures.  The  ratio  of  theac  two 
species  early  in  the  thermolysis  should  provide 
some  insight.  As  dte  heating  rate  and  decompoai- 
CKM  temperature  are  raised,  the  HCN/N-O  ratio 
increMes.  suggestiai  an  increase  in  the  impor¬ 
tance  of  N-N  bond  homolytis  at  higher  tempera¬ 
tures.  This  is  consitteoi  with  oMiouned  kinetic 
and  thcrmochemicai  psrameten  (7.  20]  and  with 
studies  of  isothermal  docompociiion  at  high  tem¬ 
peratures  {40|. 

According  to  the  noitisoihennal  gas  evolution 
data  ill  Figs.  3-5.  more  CHjO  is  generated  than 
N]0.  This  casu  dovbl  on  the  existence  of  a 
coupled  (coocened)  mechanism  of  oxygen  trans¬ 
fer  leading  to  N]0  and  CH}0.  Fuithermore,  in 
isothermal  decompoakion  studies.  CH^O  evolu¬ 
tion  follows  that  of  N]0  |40|.  The  data  suggest 


that  t'H}0  forms  largely  in  the  condensed  phase 
“melt.**  probably  from  ocu  or  more  of  the  car- 
bonyl-nitramine  dccomptisitioa  species  that  are 
observed  in  the  200-600-ms  period  early  iu  the 
run.  This  period  also  coincides  with  the  highest 
concentrations  of  CH}0.  CHjO  may  fbim  from 
decomposition  of  amide  species  such  as  lIMFA: 

HCXTMjNHCHO  -  CHjO  *  HCN  +  H,0. 

(0 

Note  that  the  highest  initial  CHjO  concentra¬ 
tion  occurs  at  the  lowc^  healing  rate.  Under 
these  conditions  there  is  more  time  for  low  tern- 
perenifc  aging  of  the  *‘meh"  and  formation  of 
the  amide  species  (36|. 

it  is  proposed  that  HNCO  arises  liom  a  similar 
condeued  phaae  mechanism.  As  nosed  earlier, 
the  imtial  obaervation  of  HN'^  coincides  with 
the  disappearance  of  the  carbonyl  and/or  car- 
bonyl-aiiramiiic  fragment  species.  AMNA  aad 
HMFA  or  the  relsscd  radicals  shown  in  reactions 
2a  and  3b  may  be  sources  of  HNCO  Fragmenu- 
lion  could  also  be  aided  by  H-ssom  abstracikm  by 
NO,  or  OH. 

0,NNCH,NCH0  -  HNCO  +  (r,NNCH, . 

HOCHNHCHO  -  CH,0  ♦  HNCO  ♦  H 

(2b) 

Other  observations  regarding  HMX  dccompo- 
kition  in  Ar  can  be  wnutuirizcd  as  foHmvk.  Under 
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I  «m  of  Ar,  no  decowipoMliow  products  aie 
detectable  in  10  s  for  final  filament  lemperahires 
leu  than  SSO  K.  This  tetnpenMre  oonopoods 
closely  to  the  decomposition  temperanwe  of  HMX 
|I3|.  At  heming  rates  below  90  K/s,  ooneapond- 
ing  to  final  filament  temperatures  below  7S0  K. 
the  producu  result  primarily  from  oondensed- 
phase  decomposition.  Little  change  oocun  in  the 
composition -time  prrfiles  beyond  the  fint  800 
ms  of  docompositioa.  At  h^her  temperatures  the 
influence  of  condensed-phase -gas-phase  interac¬ 
tions  increases.  At  higher  temperatures  progres¬ 
sively  more  CH  is  oxidized  by  NO, ; 

CH,0  +  NO,  -  NO  +  CO  +  H,0.  (3) 

At  heating  rates  of  140  K/s  or  greater,  some  of 
the  relatively  stable  HCN  is  oxidiaed  in  the  fol¬ 
lowing  net  reaction: 

2HCN  +  3NO,  -  2CO  -t^  3NO  N,  +  H,0. 

i*) 

NO,  is  also  controlled  by  reactior  S  u  increasing 
temperature  shifts  die  equilibrium  to  the  right; 

2NO, -2NO  +  0,.  ;S) 

In  addkion  to  reactioos  3-5.  NO  is  produced  by 
the  decomposition  of  MONO  (reaction  6)  and  by 
reactitin  7; 

2HONO  -  NO,  +  NO  +  H,0.  (6) 

As  shown  in  Fig.  5.  NO  cowkentration  rites 
steeply  at  a  heating  rate  of  ISO  K/s.  As  the  final 
filament  temperature  is  raiseu.  the  total  produc¬ 
tion  of  CO  and  CO,  also  increases  Oe  goinj 
from  a  filament  temperature  of  600- 1000  K  the 
CO, /CO  ratio  changes  from  O.fi/I  lo  I/I  to 
>  1.5/1  as  reaction  7  becomes  more  imponam: 

CO  +  NO,  -  CO,  ♦  NO  (7) 

It  should  be  noiod  that  oxidation  reactions  3. 4. 6. 
and  7  are  net  reactions.  The  eleme  alary  sKps 
involve  HNO  and  the  radical  specks  H.  OH.  and 
KCt)  (7.  4 1 , 42i  The  uMial  and  fitiN  mnoums  of 
N,0  are  cswnttally  the  tame  regardlen  of  the 
heating  rate  or  filament  temperature  Tins  it  con- 
stsknt  with  ns  focmatioa  primarily  from  thekial 
HMX  bond  scissions  and  iu  stabilny  at  the  condi¬ 
tions  ievestifaiod 

There  is  a  microscopic  film  of  nonvolatiie 
residue  remaining  on  the  fUament  after  thermoly 
sis.  This  fiuicrial  it  presumably  a  (CN),  coke 


with  liittc  H  or  O  content.  It  fumes  off  when  the 
filament  is  fired  in  air  at  1200  K. 

Relevance  in  Cembustlnn  FiprrImeMt  nai 

The  termolysis  experimenu  described  here  tiro- 
ulaie  the  chemistry  oocurring  in  the  beteroge- 
neotts  foam  zone  (liquefaction  layer)  and  the  dis- 
persed-phasc  interface  region  with  the  fizz  zone 
(primary  flame)  during  nhramine  combustion 
(Fig.  I)  Under  rocket  motor  conditions,  combus¬ 
tion  occurs  at  pressures  of  500- 1000  psia  with 
hcoting  rates  of  10^-10*  K/s.  Obviously,  we 
cannot  draw  coochisiotts  about  the  significance  of 
our  e.xpcriniems  compared  with  these  conditions. 
However,  we  esn  make  qualitative  comparisons 
to  experimcnul  and  theoreticat  studies  of 
nkramioe  combustion  m  low  pressures. 

Kubou  and  Sakamoto  |32|  recently  studied  the 
flame  (combustion  ware)  structure  of  KMX  at 
presisures  of  I -10  atm.  Pellets  of  HMX  were 
burned  in  a  window  bomb  pressurized  with  N,. 
Tetnpcniure  profiles  of  the  combustion  wave 
were  measured  with  embedded  mkrotheraincou- 
ples.  The  burning  surface,  bum  me.  and  gas- 
phaK  rcoction  zone  thickness  wete  observed 
<aing  high-speed  video 

The  condensed-phase  temperature  in  the 
foam  zone  is  approximaidy  700  K  and  is  rela¬ 
tively  insensnive  to  pressure  Tcmpcfuture  rises 
a:  an  eqrvaknt  heating  rate  of  ea  lO'  k/s  in  the 
foam  zone  |'7)  m  a  tsuming  surfece  tcmpcrafuic 
of  V  900  K  near  atmospheric  pressure  .  The  lein 
peruture  gradtem  in  the  gas  phase  yiat  above  the 
bermng  Airfare  is  large  and  pressure  dependeiu 
r'0*-l0*  K/s)  'he  measuremertu  indkale  dal 
the  hesi  lha  pruduced  in  the  foam  zone  is  ap- 
proximsMly  nptal  lo  the  heat  trar  .(erred  back 
from  da  gas  phase  (prednmiiwnily  from  dir  pn- 
nary  flame)  TV  l•lmiilaln  seoondscry  flame 
rapidly  sprmaches  iV  humiiig  sxirfacc  as  pies- 
su»e  is  increased,  tim  the  burwing  rate  appears  to 
he  mdepewdem  of  the  iummous  flwic  reaction 
Thsae  HMX  combustran  Mudics  a  I  atm  demon- 
amr  dal  the  filament  icmperauirs  ui  our  pyrol 
ysis  experimews  (600-  lOIX)  K)  ate  in  the  same 
range  as  die  lenipcrjcores  observed  in  the  "foam" 
zone  and  the  early  firr  rone  Although  our  heat¬ 
ing  rales  arc  lower,  they  arc  within  an  order  of 
magnhude  of  those  observed  in  (he  surface  zone 
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of  ihe  cowdeiaed  pluae  dorioc  ooinboiiioo  m  low 
presMMC  (32|. 

has  pofonaed  tficniiochemical  nodei- 
ing  of  nitraroine  deoomposiiioo.  igoiboo.  aad 
cooibustioa  (7.  43i.  The  noil  detailod  sndiet 
involved  ROX  combusuon  ai  preamea  of  0.5.  1. 
and  17  aiin.  RDX  was  aaed  for  oonpaiaiioaal 
cotiveaietice.  The  foam  u»e  pyrolysis  aad  die 
gas-phase  fitz  zoae  diemistiy  an  esamially  the 
same  for  ROX  and  HMX.  hw  (heir  reiauve  im- 
ponaooe  is  dillermi  Quamilatively.  (he  gas-solid 
boandary  mass  and  energy  coadiliiiai  will  be 
diffieteai  due  lo  (he  higher  dnfunpoaiiion  temper- 
auire  of  HMX  and  itt  ligaifcraarly  lower  volatil¬ 
ity.  Because  of  the  laoer  behavior  dn  ooadeaaed- 
phase  foam  tone  chrmiairy  aad  aainraiilyiii  by 
pradoos  (e.g..  H,0  and  CM,0)  an  ame  impor- 
tam  for  HMX  daa  ROX.  Theae  diBercaoe;*  do 
not  negate  a  ipalitaiive  coaipariioa  of  oompun- 
iKxiai  ROX  ooBibnslioa  behavior  at  1  am  and  oar 
tugh-raie  HMX  ihennolysis  muhs. 

The  cakviatnl  combustion  product  proftles  PI 
as  a  Amotion  of  temperanie  (poaibaa  ia  Baaie) 
share  many  of  dK  fDaBMCs  observed  ia  oar  dter* 
molystt  produci  proAlaa.  The  dntaaalysit  prodaot 
profiles  are  coniiitent  widi  die  reacdm  aetworhs 
of  dm  model  that  arc  domionai  during  ooadenaed- 
phuM  docompoaaioa  and  the  early  regioas  of  dir 
Ao  mar,  HCN.  NO.  W,0.  00.  md  00,  <tm 
ceatrataons  iacrcaae  and/or  level  of  widi  mreas- 
tog  temperature.  Irutiaily  the  eonoeacrations  of 
CH,0.  HOMO,  aad  NO,  me  rapidly  and  dmi 
progressively  decrease.  At  the  higheat  heatiof 
rates  ^rah  foal  AUtnest  temperarora  of  900  K  or 
omre.  rdauvcly  atablc  H^  u  eonaumod  vis 
reaction  4.  A  similar  detmaae  is  HCN  eoaoeaira- 
ban  IS  predicted  by  the  aiodd  at  Bane  wmpera- 
teres  m  esccis  of  I  lilO  R.  The  model  abo  tag- 
gea .  that  foe  fotfotmg  ipcciet.  vduch  are  c;dier 
nor  detottsblc  nr  ^juanufobfe,  are  anportaai  ua- 
for  foe  conditasu  of  dMemidyus  H,0.  N,.  H,. 
aid  UNO 

One  of  foe  4(0creuon  beiween  modeling 
and  espenment  a  the  high  HCN/N,0  ram  prv- 
dmed  by  foe  (RDh')  model.  This  iM|^  ratio  a  am 
oaespecied  Atr  RDX  However  for  HMX.  erxn- 
foased-phraic  pyrolysis  mechanttmt  arc  mate 
wnportaw  siciud>iig  foam  favoring  C-N  brod 
hotnolysu  For  Mcinn  14)]  has  fopwn 

dm  coa^antam  of  H,CNNO.  ><iCH,0  aiM  N,0 
(C-N  bokd  acifwon)  can  be  cnfoinoed  m  Ihc 


condensed  pt»— »  by  a  waKr^audyiod  oonoerted 
reaction.  In  oar  HMX  tbermofysts  espermems 
HCN  and  N,0  are  eqwdly  importaai  produett. 
For  volatile  RDX.  unirnrlecular  gaa-phaae  leac- 
Uotts  ittvolvuig  N-N  bond  bomolysis  become 
more  importani. 

la  the  ROX  Ibme  model  p|  HNOO  lemhs 
from  <he  osidation  of  HCN  in  die  secondary 
(haiwnus)  fiaroe  sone  at  temperatures  in  eioess 
of  lUOl)  K.  Ahhougfa  dus  may  be  a  source  of 
HNCO.  HNOO  is  detected  early  in  foe  fast  dier 
molysa  of  HMX  aiM  ROX  imdcr  HI  of  foe 
condiiiotts  studied  (9. 44|.  The  tugh-raie  thermol¬ 
ysis  studies  poim  to  a  ermdensed-pbase  mecha- 
aism  of  HNOO  generaiion.  Rcactioas  such  as  7^ 
atm  2b  need  to  be  tecogniied  in  modeltng  as 
condensed  phase  sources  of  HNCO. 

The  RDX  llaroc  model  includes  tcactioo  aei- 
worfcs  utvolvmg  the  fanmttion  of  cyinogen. 
C,N,.  from  HCN  in  the  combuaion  region  of 
the  prifflMy  Ibune  (foe  tone)  aad  the  anhsoQuent 
regeneration  of  HCN  from  cyatMjgen  in  a  pou- 
zone  mgn  of  the  primnty  llame  P).  If  cyanogen 
were  formed  to  a  safaifitani  esteni.  then  its  char¬ 
acteristic  IR  absorptions  would  be  readily  appar- 
em  Cyanogen  haa  not  been  foaecied  during  dw 
diermolysa  of  HMX  or  RDX  under  any  of  (he 
coodiiions  mveuigatod.  It  mty  h<  foal  die  forma- 
imn  of  ryirvagrn  oocun  late  eiumgh  in  dm  her 
zone  (particularly  m  low  preaswes)  foar  it  n 
ouuMc  of  d«  ciimh  niton  egrme  timulaied  m 
tugh-raie  fo.-rmaiy*  Judies. 

HMX  Ihernenlyiie  iu  Rcwctlve  Atmaiphrm 

The  dunwolysis  of  HMX  w  ccammed  m  auao- 
iphem  of  H,.  CO.  O,.  NO.  NO,,  and  NH,  to 
gam  WMfhr  ima  foe  cdcct  of  an  caccss  of  cKh 
ipecict .  >  for  hcaauary  occurring  m  for  hetero 
fcimaa  ‘  >  tnne  and  ib  mietfaoc  wfo  for 
gas-fhisr  'M  tame 

At  dtjctfocd  •ft  the  ctpcnwicotol  Mn«an.  dww 
rhcnoolyt’t  itudu!  were  vundumnd  ai  an  tauul 
hcmuif  rzr*  of  140  F./t.  ciormporuting  lo  a  AnH 
Uamcai  tempcrwafc  of  IXO  K  These  comlutem 
were  Ue  rr.t  <aai  to  HMX  ennfomrion 

ai  an^vphcfH  prev’^^e  |32|  and  lo  premdr  a 
rcactron  leg!  nc  Vh*2  soowialct  dac  doperted  re 
prmt  of  da.  Ramc  (Fig  I)  ^ 

The  fotcatuoa  (ocwMCt  ou  compamoi-of  HMX 
decompoMim  n  a  apeerhe  reactive  awvoiphcte 
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Fig.  6.  The  gas  composition  vs.  time  profiles 
for  HMX  under  an  initial  heating  rate  of  140 
K/s  and  1  atm  Ar. 


to  HMX  decomposition  under  the  same  condi¬ 
tions  in  an  Ar  atmosphere  (the  control).  The 
composition-time  profiles  for  decomposition  of 
HMX  in  Ar  are  shown  in  Hg.  6  under  the  same 
conditions  as  the  reactive  atmospheres  discussed 
below. 

The  reactions  cited  in  explaining  the  effects  of 
the  reactive  atmospheres  are  generally  those  rele¬ 
vant  combustion  reactions  that  are  kinetically 
(high  preexponential  factors,  zero  or  low  activa¬ 
tion  energies)  and/or  thermodynamically  more 
favorable  (7,  41-43,  45,  46]. 

Thermolysis  Under  Hj.  The  product  profiles 
for  HMX  decomposition  under  Hj  are  shown  in 


Fig.  7.  Relative  to  thermolysis  in  Ar  (Fig.  6), 
higher  concentrations  of  CHjO  and  HCN  are 
observed.  The  terminal  COj/CO  ratio  has  gone 
from  1.3  to  0.6  with  the  concentration  of  CO 
remaining  essentially  the  same.  The  overall  NOj 
concentration  is  lower,  although  the  decay 
behavior  is  similar.  These  observations  may  be 
attributed  to  the  processes  described  below. 

The  excess  Hj  present  scavenges  OH  radical 
arising  from  pyrolysis  (reaction  8). 

OH  -1-  Hj  -  HjO  +  H.  (8) 

This  reaction  is  exothermic  (-63.2  kJ/mol)  [41). 
The  H  atoms  generated  can  mediate  several 


Fig.  7.  The  gas  composition  vs.  lime  profiles 
for  HMX  under  an  initial  heating  rate  of  140 
K/s  and  a  380  lorr  Kj/BSO  lorr  Ar  atmo- 
sptierc. 
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reactions,  including  regeneration  of  OH  (reaction 


9a): 

HjCNNOi  +  H  HjCNNO  +  OH.  (9a) 

HjCNNOj  +  H  -  HjCN  +  HONO,  (9b) 

HjCNNO  +  M  -  HjCN  +  NO.  (10) 

CHO  +  H-CO  +  Hj.  (11) 


The  higher  amounts  of  CHjO  and  HCN  arc  due 
to  less  OH  available  for  oxidation  reactions,  and 
in  the  case  of  HCN,  reactions  9a,  9b.  and  10. 
Additional  water  produced  via  reaction  8  may 
increase  the  condensed-phase  formation  of  CHjO 
by  water  catalyzed  conversion  of  H  jCNNOj  [43]. 
The  competitive  reduction  in  available  OH  results 
in  less  CO  burning  in  COj,  which  requires  a 
strong  oxidant.  However,  H  atom  abstractions  by 
H  provide  a  mechanism  for  generation  of  CHO 
from  CHjO  and  subsequently  CO  formation 
(reaction  11).  These  reactions  also  regenerate 

Hj. 

Thermolysis  Under  CO.  Figure  8  shows  the 
product  profiles  for  decomposition  under  an 
atmosphere  of  CO.  Higher  amounts  of  CH2O  are 
observed  and  the  oxidative  decay  of  CHjO  and 
HCN  is  reduced.  The  disappearance  rate  of  NOj 
is  similar  to  that  under  Ar.  Lower  amounts  of 
CO3  are  observed  and  the  concentration  of  CO^ 
does  not  progressively  increase  with  time 


(increasing  filament  temperature).  Most  of  the 
COj  produced  results  from  oxidation  of  the  added 
CO  rather  than  from  HMX-bound  carbon.  The 
added  CO  competitively  reacts  with  OH  produced 
from  pyrolysis: 

CO +OH-»COi  +  H.  (12) 

This  results  in  an  environment  richer  in  H  atoms 
similar  to  that  produced  in  an  atmosphere  of  H  j  ■ 

Thermolysis  Under  Oj.  O^  is  a  minor 
product  of  HMX  combustion  and  its  generation 
and  reactions  are  normally  more  important  in  the 
luminous  secondary  flame.  The  product  profiles 
for  HMX  thermolysis  under  Oj  arc  shown  in  Fig. 
9.  At  first  glance  the  profiles  are  surprising  for 
decomposition  in  an  “oxidizing”  atmosphere. 
The  concentration  of  CHjO  is  higher  than  that 
observed  for  thermolysis  under  Ar,  and  the 
oxidative  decays  for  CH^O  and  HCN  are  lower. 
Although  the  total  CO,  generation  and  the 
concentration  of  COj  arc  lower,  somewhat  more 
CO  is  observed  (COj  /CO  =  0.4).  The  buffer 
atmosphere  of  Oj  masks  the  generation  of  NO, 
from  oxidation  reactions  involving  NOj,  due  to 
equilibrium  reaction  S. 

The  apparent  inhibiting  effect  of  Oj  on  the 
course  of  the  oxidation  reactions  can  be  explained 
in  the  following  way.  Oj  reacts  with  H  (reaction 
13)  or  with  species  containing  weakly  bound 
hydrogen  (reaction  14)  to  produce  HOj  radicals. 
Reaction  13  will  play  a  larger  role  at  elevated 


Fig.  8.  The  gas  composilion  vs.  time  profiles 
for  HMX  under  an  initial  heating  rale  of  140 
K/t  and  I  atm  CO. 
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Fig.  9.  The  gas  composition  vs.  time  profiles 
for  HMX  under  an  initial  heating  rate  of  140 
K/s  and  I  atm  Oj. 


pressures  or  in  the  condensed  phase  (e.g.,  M  = 
HjO): 

H  +  Oj  +  M -»HOj  +  M,  (13) 

HCO  +  Oj  -*  HOi  +  CO.  (14) 

O2  and  HO]  are  relatively  poor  oxidants 
compared  with  OH.  Comparison  of  the  rate 
constant  for  CO  oxidation  by  OH,  HO],  and  O] 
indicates  that  the  rate  constant  for  oxidadon  by 
OH  is  3  orders  of  magnitude  greater  than  that  for 
HO]  and  7  orders  of  magnitude  greater  than  that 
for  O]  [7, 41].  O]  competes  with  NO]  in  reactions 
involving  pyrolysis  fragments  containing  weakly 
bound  hydrogen.  HO]  is  produced  at  the  expense 


of  the  more  powerful  oxidant  OH.  This  results  in 
the  lower  oxidative  decay  rates  and  decreased 
production  of  COj  from  CO  which  requires  a 
strong  oxidant. 

Thermolysis  Under  NO.  Under  an  atmos¬ 
phere  of  NO  (Fig.  10),  HMX  thermolysis  results 
in  a  higher  level  of  HCN  throughout  the 
experiment  and  no  net  HCN  decay.  GH]0 
concentrations  are  higher  due  to  little  decay  from 
oxidation.  The  COj/CO  ratio  is  similar  to  that 
observed  under  Ar,  but  the  total  CO,  yield  is  the 
lowest  observed  in  all  of  the  experiments.  This 
behavior  can  best  be  explained  by  reactions 
involving  HNO.  Relatively  short-lived  (ca.  0. 1  s) 
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Fig.  10.  The  g«s  composition  vs.  time 
profiles  for  HMX  under  in  iriilUt  healing 
rile  of  140  K/s  ind  I  ilm  of  NO. 
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Fi(.  1 1 .  The  gas  composilion  vs  lime  pro¬ 
files  for  HMX  under  an  initial  healing  rale 
1.0  1.0  ?.0  3.0  a.O  5.0  8.0  7.0  8.0  9.0  10.0  of  140  K/i  and  a  2.5  lorr  NO, /735  lorr  Ar 

TIf€  almoaphere. 


-  HNO  +  HCN. 

(«5) 

^  HNO  -h  CO. 

(16) 

-  NO  H,0. 

(17) 

NO  +  H,. 

(18) 

-» HONO  +  NO. 

(19) 

KNO  is  believed  lo  be  an  important  species 
in  nitramine  decomposition.  Modeling  studies 
suggest  it  is  present  at  instantaneous  concentra¬ 
tions  similar  to  those  of  die  more  stable  species 
NOj  and  CH,0  (at  T  <  1000  K)  (7J. 


CHO  +  NO 


HNO  -h  H  - 
HNO  -f  NOj 

NO  readily  abstracts  H  atoms  from  Urge  radical 
fragments  o'  HMX  decomposition  (43^,  and  other 
species  conUining  weakly  bound  hydrogen, 
generating  HNO.  Abstraction  of  a  methylene 
proton  from  Urge  radical  fragments  or  H^CN 
increases  the  generation  of  HCN  (reaction  IS). 
HNO  thus  generated  can  react  with  OH,  H, 
and  NOj  (reactions  17-19,  respectively).  In 
particular,  HNO  (via  NO)  interferes  with  the 
oxidation  of  HjCO  and  HCN  by  competitively 
reacting  with  OH  and  NOj  (e.g. ,  reaction  6).  NO 
is  a  poor  oxidant  at  the  temperatures  of  our 
experiment.  It  is  an  important  oxidant  in  the 
high-temperatufc  regions  of  the  luminous  flame 
during  nitramine  combustion  (7], 

Tberioolysis  Under  NO,.  In  the  thermolysis 
studies  above  the  effect  of  the  added  gas  is 
primarily  on  the  secondary  reactions  among  the 


pyrolysis  products,  i.c.,  reactions  that  occur 
primarily  in  the  dispersed-phase  region  of  the 
flame  (Fig.  1).  Examination  of  the  composition- 
time  profiles  (Figs.  6- 10)  indicates  that  the  inirUI 
conceiitititioos  of  the  pr  oducts  are  essentially  dte 
same  for  HnX  theimolysis  under  Ar,  H,.  CC, 
O,,  and  NO  (added  NO  does  appear  to  inhuenoe 
the  yield  of  HCN  slightly).  This  suggests  that  at  a 
pressure  of  I  atm  these  added  gases  have  little 
effect  on  the  i.-iitial  pyrolysis  reactions  in  the 
condensed  phase.  The  results  with  added  NO, 
sund  in  stark  contrast  to  this  observation. 

As  shown  in  Fig.  It.  the  initial  concentrations 
of  a!,0.  HON.  N,0,  and  HONO  arc  signifi¬ 
cantly  higi.jr  than  the  concentrations  observed  for 
thermolysis  under  Ar  (Fig.  5).  The  CH,0 
produced  is  consumed  ra[  dly,  although  little 
HCN  decay  is  obsc-  xi.  The  terminal  CO, /CO 
ratio  is  0.4  (versus  l.j  for  Ar)  and  the  total  CO^ 
concentration  is  slightly  lower.  These  dramatic 
effects  occur  in  an  initial  atmosphere  that  contains 
only  25  torr  of  NO,  diluted  with  Ar  to  a  total 
pressure  of  760  torr. 

The  results  suggest  that  the  added  NO,  is 
Uvolved  with  the  incipient  pyrolysis  reactions 
>  .Ting  in  the  condensed  phase.  This  interaction 
-  enhanced  by  the  Irigher  solubility  and  reactivity 
of  NO,  in  the  heterogeneous  liquefaction  phase. 
The  wif-id  NO,  may  te  HMX  decompositi  n 
via  skeletal  methylene  proton  abstraction,  mediate 
the  pyrolysis  of  HMX  via  further  H-atom  abstracts 
from  the  initial  large  radical  fragments,  and 
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possibly  aid  in  breaking  up  “cage*’  elfects  in  die 
condensed  phase  [35].  H-aiom  abatraciions  from 
large  radicals  or  secondary  fragnMats  like  H2CN 
nocouitt  for  the  high  initial  omoeBtratioo  of 
MONO  and  the  overall  increase  in  HCN 
generation  (reaction  20). 

HjCN  +  NO2  -  HCN  +  HONO.  (20) 

The  high  initial  concentration  of  HONO  and  its 
subsequent  decomposition  [11]  yield  an  effective 
source  of  OH  that  rapidly  consumes  the  CHjO 
generated. 

Thermolysis  Under  NHj.  HMX  decomposi¬ 
tion  under  NHj  (Fig.  12  )  produces  dramatic 
differences  relative  to  decomposition  under  Ar. 
The  initial  concentration  of  HCN  is  the  same  as 
that  produced  under  Ar,  but  significantly  less 
CHjO  is  present.  Both  CH^O  and  HCN  decay 
rapidly  to  undetectable  levels.  NO]  is  also 
consumed  completely.  Total  CO,  production  is 
somewhat  lower  wh<ch  is  consistent  with  the  lower 
initial  amount  of  CH2O.  HONO  and  HNCO  are 
not  detected.  There  is  an  unusual  plateau  in 
the  NO  product  profile.  The  very  high  NjO 
concentration  probably  results  more  from  the  NjO 
produced  by  reaction  of  HN,  and  NO,,  than 
effects  that  generate  more  skeletal  derived  N^O. 

The  exten-sive  involvement  of  NH  j  (NH,)  with 
secondary  pyrolysis  products  makes  it  difficult  to 
assess  clearly  its  influence  on  the  condensed  phase 
chemistry.  However,  like  NOj  it  is  highly 


reactive  and  should  have  higher  solubility  in  the 
liquefaction  phase  than  the  other  gases  studied. 
NH,  cannot  directly  initiate  HMX  decomposition 
but  should  react  rapidly  with  radical  mediators 
like  OH. 

NH,  present  dtiring  incipient  HMX  pyrolysis 
and  liquefactkm  may  scavenge  OH  and  provide  a 
source  of  H  atoms  for  abstraction  by  other 
fragment  radicals.  The  absence  of  HNCO  and  the 
reduced  concentration  of  CHjO  may  result  from 
a  shunting  of  the  condensed  phase  chemistry. 
NH,  could  provide  a  source  c.  H  atoms  to 
fragment  radicals  in  the  “melt,”  such  as  those 
proposed  in  reactions  2a  and  2b,  and  hinder  their 
future  fragmentation  of  CH^O  and  HNCO.  This 
scenario  is  consistent  with  secondary  condensed- 
phase  chemistry  being  responsible  for  HNCO  and 
much  of  the  CHjO. 

The  most  important  reactions  involving  NH, 
species  under  the  conditions  of  this  experiment 
are  given  below.  All  of  the  NH,  reactions  have 
rate  constants  greater  than  lO"  cm^  mol~'  s'  and 
are  exothermic  [41,  45,  46]; 


NH,  +  OH  -  NHj  +  HiO, 

(21) 

NIIj  -F  OH  -  NH  +  HjO, 

(22) 

NH  +  NO  Nj  +  OH*, 

(23) 

NH  +  NO  -  NjO  H. 

(24) 

NH  +  NOj-NO  +  HNO, 

(25) 

NH, -F  NO,  -  NjO -F  HjO, 

(26) 

Fig.  12.  The  gas  composition  vs  lime  pro- 
hies  for  HMX  under  an  initial  healing  rale 
of  140  K/s  and  a  380  torr  NH,/380  torr 
Ar  atmosphere. 
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NH,  -b  NO  -  N}  +  H,0. 

(27) 

NHj  +  NO  -  N,  -f  H  +  OH. 

(28) 

H  -f  NO,  -  OK  +  NO. 

(29) 

These  reactions  account  for  the  consumption  of 
NOj  and  the  larger  amounts  of  NjO  generated.  ^ 
Reaction  23  is  important  In  explaining  the 
complete  oxidation  of  HCN.  As  noted  earlier  in 
the  section  on  HMX  decomposition  in  Ar,  HCN 
is  relatively  sttble.  Its  decay  is  normally  only 
observed  at  the  highest  heating  rates  and  filament 
temperatures.  The  observation  is  consistent  with 
modeling  studies  [7]  that  show  HCN  to  be 
oxidized  primarily  in  the  hotter  secondary  flame 
during  HMX  combustion.  Why  then  (under  the 
fuel-rich  NH]  atmosphere)  is  HCN  rapidly 
oxidized  and  completely  consumed?  Laser 
diagnostic  studies  of  ammonia  flames  indicate  that 
reaction  of  HN  with  NO  (reaction  23)  can  result 
in  vibrationally  excited  “hot"  OH  [46].  It  is 
proposed  that  "hot"  OH  is  responsible  for  the 
oxidation  of  the  HCN.  Reference  to  Fig.  12 
shows  that  HCN  is  initially  produced  at  a 
concentration  similar  to  that  observed  during 
thermolysis  under  Ar.  Its  concentration  increases 
slightly  during  the  next  4(X)  ms.  Then  abruptly, 
the  concentration  of  HCN  decays  rapidly.  This 
rapid  decay  region  corresponds  directly  to  the 
plateau  feature  in  the  NO  concentration  profile, 
which  supports  the  suggested  "hot"  OH 
mechanism. 

Time  of  Decomposition  Product  Appearance 

Review  of  the  thermolysis  product  profiles  (Figs. 
6- 12)  reveals  that  there  are  reproducible  differ¬ 
ences  in  the  time  of  appearance  of  the  first  quan¬ 
tifiable  spectrum  of  products.  Under  an  inert  Ar 
atmosphere  pyrolysis  products  appear  1.8  s  after 
the  onset  of  heating.  Calibration  shows  that  the 
temperature  of  the  filament  is  near  550  K  at  this 
point,  which  corresponds  closely  to  the  decompo¬ 
sition  temperature  of  HMX  [13].  Under  the  reac¬ 
tive  atmospheres  products  appear  as  early  as  1 .6  s 
(NO} ,  NH])  and  as  late  as  2.4  s  (0}). 

The  data  available  do  not  provide  a  strong 
basis  to  suggest  that  the  time  of  product  appear¬ 
ance  is  related  to  the  accelerating  or  inhibiting 
effect  of  the  added  gas.  Although  heat  and  mass 
transfer  play  a  role,  the  variations  in  product 


appearance  for  these  experiments  carmot  be  ex¬ 
plained  on  the  basis  of  differences  in  (he  transport 
properties  of  the  gases.  The  transport  properties 
(mean  free  path,  viscoeity.  thermal  coiidu^ity) 
for  all  of  the  gases  studied,  except  Hj.  are  simi¬ 
lar  (47. 48).  The  thermal  conductivity  of  H]  is  an 
order  of  magnitude  greater  than  the  other  gases 
and  it  has  a  significantly  lower  viscosity.  Despite 
these  differences,  the  time  of  product  appearance 
is  the  same  for  thermolysis  under  CO  and  H}. 
The  largest  variation  (relative  to  Ar)  is  observed 
for  thermolysis  under  Oj.  A  temperature  calibra¬ 
tion  check  in  an  Oj  atmosphere  indicates  no 
difference  in  the  heating  rate  of  the  filament 
temperature  relative  to  that  under  Ar.  Products 
reproducibly  appear  200  ms  earlier  under  an  at¬ 
mosphere  containing  23  torr  of  NO}  in  Ar  (3.3 
vol.%  NO})  compared  with  thermolysis  under 
neat  Ar. 

Collisional  energy  transfer  efiiciencies  are  also 
not  a  factor.  The  relative  efficiencies  for  all  of  the 
gases  studied  are  low  and  of  the  same  magnitude 
[49].  The  most  important  species  for  collisional 
energy  transfer  are  H}0  and  other  large  pyrolysis 
products  arising  from  the  sample.  We  do  not  have 
a  consistent  explanation  for  the  variations  in  time 
of  appearance  of  producu  at  this  time. 

SUMMARY 

This  work  has  furthered  ffie  understanding  of 
many  aspects  of  high-rate  thermal  decomposition 
of  HMX  and  its  relationship  to  combustion.  These 
ate  the  first  studies  to  probe  the  effects  of  reactive 
gases  on  HMX  thermolysis  by  analyzing  the 
evolved  decomposition  products.  The  work  sup¬ 
ports  the  belief  that  high-rate  thermolysis  under 
these  conditions  simulates  the  heterogeneous  con- 
densed-pliase  foam  zone  chemistry  and  the  chem¬ 
istry  of  the  early  fizz  zone  of  energetic  materials. 
The  results  are  qualitatively  consistent  with  ex¬ 
perimental  combustion  and  modeling  studies  of 
HMX  performed  under  1  atm  pressure. 

H}.  CO.  0}  and  NO  do  not  appear  to  perturb 
the  initial  decomposition  path'vays.  but  play  a 
role  in  the  secondary  pyrolysis  reactions  in  the 
foam  zone  and  the  early  fizz  zone.  The  most 
dramatic  perturbations  are  induced  by  atmo¬ 
spheres  of  NO}  aiHl  NH].  This  is  attributed  to 
their  higher  reactivity  and  higher  solubility  in  the 
liquefaction  phase.  NH,  reacts  with  the  first  and 
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subsequent  pyrolysis  products,  while  NO^-  per¬ 
turbs  the  initial  decompositioo  padiways. 

The  products  of  HNCO  and  CHjO  arise  pri¬ 
marily  from  coodc4ised-phase  reactions.  Condi¬ 
tions  that  promote  condensed  phase  reactions  (low 
heating  rates,  low  temperatures)  and  “aging*'  of 
the  melt  yield  higher  amounts  of  CHjO.  Path¬ 
ways  for  CHjO  and  HNCO  formation  -^ere  pro¬ 
posed.  A  ready  source  of  absiractable  hydrogen 
atoms  (NH3)  may  quench  these  reactions. 

Decomposition  of  HMX  results  predominantly 
in  the  generation  of  more  stable  products,  such  as 
NjO.  HCN,  and  NO.  These  species  largely  pass 
through  the  primary  flame  zone  without  further 
reaction  and  are  converted  to  final  combustion 
products  in  the  hotter  luminous  flame  (farther 
from  the  burning  surface).  Our  studies  indicate 
that  the  so<alled  catalyzabie  species  NO3  and 
HN^  [8]  are  important.  Tliese  species  ate  reactive 
in  the  condensed  phase  and  the  primary  flame. 
Ballistic  modifiers  that  could  increase  the  amount 
of  NOj  generated  in  the  condensed  phase  may 
increase  the  bum  rate.  NH,  species  are  not  pro¬ 
duced  in  significant  amounts  during  HMX  ther¬ 
molysis.  The  highest  anwunts  are  probably  pro¬ 
duced  in  the  luminous  secondary  flame.  These 
thermolysis  experiments  demonstrate  that  NH^, 
species  can  effectively  react  with  NO  at  the  lower 
temperatures  of  the  dispeised  phase,  generating 
heat  closer  to  the  burning  surface  and  liberating  a 
potent  oxidizer  OH.  This  may  increase  heat  feed¬ 
back  to  the  burning  surface  and  ultimately  in¬ 
crease  bum  rate. 

The  most  efficient  formulation-based  approach 
to  introduce  NH;,  would  be  to  replace  the  hydro¬ 
carbon  or  polyether  binder  with  a  binder  system 
containing  NH^,  functionality.  Developing  an 
NHj^-containing  binder  that  is  chemically  compat¬ 
ible  and  possesses  suitable  aging  and  mechanical 
propenies  presents  a  challenge.  Ballistic  modi¬ 
fiers  based  on  heterogeneous  catalysts  known  to 
be  effective  for  NO,  reduction  [44,  SO,  31]  should 
be  evaluated  in  conjunction  with  a  source  of 
NH,. 
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SIMULATION  EXPERIMENTALE 
D'UNE  SURFACE  EN  TRAIN 
DE  BRULER 

LORS  D'UNE  COMBUSTION 
OU  D'UNE  EXPLOSION 


Pr.  T  B  BRILL 
Traduction  :  J  BOILEAU 


R£SUM£.  -  II  est  essentiei  d'avoir  une  description  physique  el  chimique  pricise  de  la  zone  de  la  surface 
en  reaction  pendant  la  combustion  d'un  propergol,  pour  etablir  tout  modele  detailli  de  cette  combustion.  Comme  les 
compositions  chimiques  detaillees  n'ont  pu  etre  determinees  dans  une  combustion  reelle,  deux  experiences  de 
simulations  onl  ete  mises  au  point  pour  determiner  les  cinetiques  et  les  micanismes.  La  vitesse  de  combustion  peut 
etre  predite  par  les  mesures  de  cinetiques.  De  ce  fait,  les  produits  gazeux  observes  sont  tris  probabiemcnt  a  I’origine 
de  la  premiere  etape  de  la  zone  de  flamme. 

ABSTRACT.  -  A  chemical  and  physical  description  of  the  surface  reaction  zone  during  propellant  burning 
is  essential  to  any  advanced  model  of  combustion.  Because  chemical  details  have  not  been  obtainable  during  actual 
combustion,  two  simulation  experiments  hoe  been  developed  to  determine  the  kinetics  and  mechanisms.  The  burn 
rate  is  predicted  by  the  measured  kinetics.  The  observed  gas  products,  therefore,  very  probably  initiate  the  first 
stage  of  the  flame  zone. 


DISCUSSION  TECHNIQUE 


La  mise  au  point  de  nouveaux  propergols  a  haute 
energie,  sans  combustibles  metalliques,  repr^nte  un 
defi  considerable  pour  la  communaute  des  fabricants 
de  propergols.  Les  probl^es  des  instability  de  com¬ 
bustion,  de  la  $Murit6  des  allumages,  et  des  riglages 
sur  mesure  doivent  tous  £tre  surmontis.  La  modilisa- 
tion  va  jouer  un  rdle  majeur  comme  guide  au  d^elop- 
pement  etant  donni  les  coQts  ilevis  des  essais  en  vraie 
grandeur. 

L'objectif  final  de  la  modilisation  de  la  combustion 
dy  propergols  et  de  sa  stabilite  exige,  parmi  d'autres 


donn^  d’entrw,  une  description  physique  et  chimi¬ 
que  de  la  surface  de  combustion  a  I’yhclle  microsco- 
pique.  Celle-ci  ne  peut  actuellement  etre  obtenue  par 
des  mesury  directes  pendant  la  combustion  :  c'est  du 
au  fait  que  la  surface  de  combustion  est  transitoire, 
heterogene,  hors  d'equilibre,  elle  est  en  outre  obscur- 
cie  par  la  flamme.  II  est  done  necessaire  de  monter 
dy  experiences  qui  simulent  la  phase  condensy  et  la 
surfay  en  cours  de  combustion,  tout  en  degageant 
|y  gaz  dans  une  atmosphere  inerte  el  froide,  ou  ils 
sont  figes  et  detectes  aussitdt. 

On  peut  imaginer  la  surfay  en  combustion  comme 
un  film  de  produit  d'epaisseur  20  i  100  pm  dans 
lequel  se  produit  un  changement  de  phase  entraine 


(')  Dipartemeni  4e  Chimie,  Univenite  de  Delaware  Newark,  DE  19716,  feTATS-UNIS. 
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par  les  reactions  chimiques  cl  le  transrert  de  chaleur. 
En  cfTct,  il  s’agit  d’une  zone  de  reaction  cn  «  film 
mince  »  qui  regresse  a  travers  la  phase  condensee 
d’un  cote  et  qui  produit  des  gaz  en  arriere.  de  I’autre 
cote.  C’cst  pourquoi  une  simulation  instantanM  de 
cettc  zone  de  reaction  pourrait  etre  un  film  mince  de 
propergol  subissant  une  montee  en  temperature  de 
100  a  2000*C/s  a  la  pression  atmospherique  ou  sous 
une  pression  plus  clevee.  Le  choix  de  cettc  vitesse  de 
montee  en  temperature  de  100  a  2000*C/s  cst  fondc 
sur  un  recent  travail  de  Sakamoto  et  Kubota  avec 
des  thermocouples  incorpores  dans  des  propergols  a 
base  d’oetogene;  leurs  mesures  indiquent  que  dans  h 
zone  de  reaction  en  phase  condensee  («  mousse  »)  la 
valeur  de  dTIdi  est  de  I’ordre  de  1  000  ±500*C/s. 

Deux  approches  pour  cette  simulation  ont  cte 
developpees  ; 

-  Tune  appel^  T-jump/FTIR  (saut  en  T/spectros- 
copie  infrarouge  a  transformee  de  Fourier). 

-  I’autre  appelee  SMATCH/FTIR  (mesure  simul- 
tanee  du  changement  de  masse  et  de  temperature/ 
spectroscopic  infra-rouge  a  transformee  de  Fourier). 

La  mesure  a  la  fois  des  cinetiques  ultra-rapides  et 
des  produits  gazeux  degages  est  importante  car  il  faut 
demontrer  que  la  cinctique  peut  prevoir  la  vitesse  de 
combustion  afin  de  verifier  que  les  produits  gazeux 
observes  sont  effectivement  ceux  qui  alimentent  la 
zone  sombre  dans  la  region  de  la  combustion. 

La  methode  Fast-Head-and-Hold  T-Jump/FTIR 
est  agencee  pour  permettre  un  chauffage  d’un  rchan- 
tillon  a  une  vitesse  de  2000*C/s  jusqu’a  une  tempera¬ 
ture  finale  choisie  a  I'avance.  De  cette  fapon,  on 
minimise  la  plupart  des  processus  chimiques  parasites 
qui  interviennent  dans  les  etudes  de  d^omposition  a 
chauffage  lent  et  ceux  qui  resultent  de  la 
«  carbonisation  ».  La  figure  1  illustre  le  principe  de 
la  methode.  Le  trace  de  la  reponse  thermique  de 
I’whantillon  est  obtenu  a  partir  de  la  regulation  dc 
la  tension  qui  est  prevue  pour  maintenir  constante  la 
resistance  du  ruban  chauffant  de  platine.  Les  produits 
gazeux  se  degagent  dans  une  atmosphere  froide  d'ar- 
gon,  qui  les  fige,  et  ils  sont  identifies  ct  doses  par 
absorption  d'un  rayonnement  infrarouge  enregistre 
sur  spectrometre  a  transformee  de  Fourier  a  balayage 
rapide.  La  figure  2  represente  la  superposition  de  ces 
enregistrements  pour  dc  I’octogcne  porte  a  300*C 
par  chauffage  a  2000'‘C  par  secondc.  L'exothcrme 
d’allumage  cst  le  pic  tres  fin  negatif  rcprescniant  la 
regulation  de  la  tension. 

Le  fait  que  les  produits  gazeux  soient  detectes  avail 
I'apparition  de  I'exotherme  d'aliumage  cst  unc  forte 
evidence  pour  I'existence  d'un  phenomene  d’autocata- 
lyse  dans  I'octogene. 

Le  fait  que  NO2  ct  NjO  apparai.sscnt  avani  les 
combustibles  (HCHO  ct  HCN)  montre  que  les 
ructions  produisant  dcs  oxydants  et  cellos  produisani 
des  combustibles  ne  sont  pas  cuupiccs  :  NOj  ct  HCN 
ne  sont  pas  produits  au  cours  dc  la  meme  reaction 
elementaire,  il  en  est  dc  mcme  pour  NjO  el  HCHO; 
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Fig.  I.  -  Schema  de  I'appareil  T-jump/FTIR  (a  gauche)  ct  dessus 
de  la  cellule.  Un  mince  film  de  200  pg  d'cchaiw'.lon  esi  place 
sur  un  ruban  de  platine  et  insere  au  point  22  viii  Ui  paroi  de  la 
cellule. 
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Fig.  2.  -  Reponse  en  tension  de  la  regulation  du  filammi  de 
platine  superposee  aux  courbes  de  composition  relative  des  gaz 
produits  a  partir  de  200  pg  d'oclogene.  La  vitesse  de  chaufTage 
etait  de  2000*C/,  jusqu'a  une  temperature  dc  300'C.  Le  pic 
negatif  est  Fexothenne  de  I'octogene.  Pour  plus  dc  details,  voir 
le  texie. 


au  contrairc  N,0  ct  NOj  sont  degages  et  c’cst  sculc- 
ment  ensuitc  que  HCHO  ct  HCN  sont  produits,  a  un 
stade  ultericur  dc  la  degradation  du  residu.  Le  fait 
que  les  concentrations  respcctives  des  produits  gazeux 
ne  changent  pas  lorsquc  I'exotherme  (de  I'allumage) 
a  lieu  implique  que  les  niKanismes  de  decomposition 
avant  I’exotherme  ct  pendant  I'exotherme  sont  cssen- 
tiellemcnt  les  mcmes  d'un  boul  a  l  autrc.  Simpicment 
une  plus  grande  quantile  d'tK-iogcnc  cst  d^'omposce 
L'unc  des  donnccs  les  plus  inicressantcs  u  partir  dc 
ce  type  d’cxpcricnccs  cst  la  proportion  des  gaz  pro¬ 
duits  en  fonction  dc  la  tcmpcrulure.  Le  rapport 

88 


•) 


»  • 


SIMULATION  EXPtiRIMENTALE 


39 


NjO/NOj  (voir  fig.  3)  rcfletc  la  proportion  dcs  vitcs- 
ses  de  reaction  pour  les  deux  voles  globules  dc  decom¬ 
position  de  I’octogenc  ;  la  branchc  N  jO  -t-  HCHO  et 
la  branche  NOj  +  HCN.  A  plus  basse  temperature, 
la  premiere  est  preponderante,  la  seconoc  le  devient 
a  plus  haute  temperature.  On  pense  qu’a  la  surface 
de  propergols  a  base  d’octogene,  les  temperatures  en 
surface  sont  de  I’ordre  de  350*C.  Ainsi  la  figure  3 
donne  un  rapport  des  constantes  dc  vitesse  des  deux 
reactions  pilotes,  qui  peuvent  etre  utilisees  comme 
donn^  d'entr^  dans  des  modcles  concernant  la 
phase  gazeuse  pendant  I'allumage  dc  I'octogenc. 


Fio.  3,  -  Proportion  des  deux  branches  NjO-HCHO/NOj-HCN 
provenant  de  la  decomposition  dc  I'octogenc,  en  fonclion  de  la 
temperature.  Les  vitesses  de  ces  deux  reactions  soni  approximaii- 
vement  egales  a  la  temperaiute  de  la  surface  dc  combustion  de 
I'octogenc  (340- 3WC). 

La  technique  SMATCH/FTIR  rend  possible  I’enrc- 
gistrement  de  la  variation  de  la  masse  de  r^hantillon 
en  fonction  du  temps  et  de  la  temperature  quand 
cclui-ci  est  chauRe  rapidement;  on  en  tire  une  simula¬ 
tion  cinetique  de  la  surface  de  combustion;  on  obtient 
simultanement  I’enregistrement  par  spectroscopic 
infrarouge  a  grande  vitesse  et  balayage  rapide,  des 
gaz  produits  pres  de  la  surface  de  combustion. 

II  a  ete  trouve  rmmment  que  les  constantes 
d’Arrhenius  obtenues  a  partir  d’experiences 
SMATCH/FTIR  sur  films  minces  permettent  de  pre- 
dire  correctemer.t  la  vitesse  de  combustion  f  mesurw 
dans  les  memes  domaines  de  pression  et  de  tempera¬ 
ture.  La  figure  4  montre  pour  une  nitrocellulose  a 
1 3  %  de  taux  d'azote,  I'acquisition  simultanw  dc  la 
perte  de  masse,  de  I'clevation  dc  temperature  cl  dcs 
donn^  de  composition  des  produits  gazeux  a  la 
surface  de  combustion. 

Partant  des  constantes  d'Arrhenius  obtenues  a  par¬ 
tir  d'un  modele  cinetique  non  isotherme  et  dc 
I'epaisseur  connue  de  I'Mhantillon,  on  prcvoit  unc 
vitesse  de  combustion  de  0,3  mm/s;  die  csi  cn  tres 
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Fig,  4.  -  Donn«s  obtenues  par  SMATCH  FTIR  sur  un  film  dc 
30  p  d'epaisseur  de  nitrocellulose  a  13  %  d'azote,  montranl  les 
variations  dynamiques  de  la  masse,  de  la  temperature  et  les 
produits  gazeux  de  combustion.  La  variation  de  masse  et  le 
proFil  de  la  courbe  de  temperature  permettent  d'appliquer  un 
modele  de  cinetique  non  isotherme.  Les  produits  sont  les  especes 
chimiques  s'echappant  de  la  surface  dans  cette  situation  de 
simulation  de  la  combustion. 


bon  accord  avee  la  valcur  experimentale  f  de  0,4  mm/s 
pour  un  propergol  a  double  base  (80  %  de  nitrocellu¬ 
lose)  mesurM  dans  les  memes  conditions  de  pression. 

U  methode  SMATCH/FTIR  pour  le  PAG 
(polyazide  de  glycidyle)  predit  pour  f  une  vitesse  de 
1, 35  mm/s,  a  comparer  avec  la  valeur  experimentale 
de  1,7  mm/s  dans  les  memes  conditions  dc  pression. 
Cette  bonne  concordance  entre  vitesses  calculces 
et  mesur^  donne  confiance  pour  dire  qur  les 
produits  gazeux  aux  concentrations  mesurMs  par 
SMATCH/FTIR  sont  les  rcactifs  intervenant  dans  la 
flamme  au  cas  oii  une  flamme  serait  prbente. 

Les  produits  gazeux  obtenus  par  les  2  methodcs 
dccrites  (SMATCH/FTIR  et  Fast  Heat  and  Hold/ 
FTIR),  ainsi  que  par  toutes  nos  methodcs  dc  thermo- 
iyse  rapide  associec  a  la  FTIR  que  nous  utilisions 
prec^emment  sont  cssenticllement  les  memes.  II  en 
resulte  que  Ton  commence  a  pouvoir  tro-jver  la 
connexion  entre  la  composition  chimique  d'un  matc- 
riau  et  les  caracteristiques  tcrminales  de  la  flamme  dc 
sa  combustion. 


Notes  du  traducteur  : 

1)  On  pourra  ausu  contulter  I'arttcle  dc  T  Brill  et  I'  I)  Brush  puMic  dans  ks  Actes  du  33*  SvmpoMuni  lnleinaii<mjl  de  I  It  'r  KuiKiuIk- 
(3-Stuillet  |99l)pates  131  a  8 

2)  Cet  capoai  du  Fr.  T.  Brill  a  et*  pfmnie  dans  une  reunion  plus  resiranie  sur  la  combosimn  des  propergols  le  4  |uin  IWI.  mao  v»ii 
interit  Jans  le  domainc  dcs  eaphsttfs  et  la  prncnce  du  Pr  Brill  aux  luurnccs  du  &-7  piin  nous  oni  iiHiin  a  publu  t  ce  irxle 

89 


frat.  fMrV  Ciurtw/  Sri.  im.  Val  It  pf  »l-r* 
PnuMd  M  Cicu  Mriuin.  All  nfku  latnad 


«MO-iavn  sisto 


i 


‘'V 


o  1^2  fttM  fk 


CONNECTING  THE  CHEMICAL  COMPOSITION  OF  A  MATERIAL  TO 
ITS  COMBUSTION  CHARACTERISTICS 

Thomas  B.  Brill 

Deparimenl  <4 Chemisiry,  Unirertiiy  o/  Deiawart.  Newark,  DE  19716,  U.S.A. 

Rtceited  9  Atifust  1991 


Aktiract— The  chemistry  in  the  surfKC  regicn  dunne  r ombustior.  of  a  solid  is  extraordinarily  difficult  to 
determine.  Understanding  is  important  because  molemles  of  the  parent  material  break  up  in  this  zone  to 
form  the  initial  reactants  for  the  flame.  Hence,  the  surface  reaction  zone  ties  tiie  composition  of  the  material 
to  the  flame  chemistry.  The  validity  of  using  fast  thermolysis  of  a  thin  film  of  the  material  to  simulate  the 
surface  reaction  zone  is  assessed.  Sub-global  chemical  details  are  extracted  by  the  use  of  rapid-scan  Fourier 
transform  infrared  spectroscopy.  Such  microscale  laboratory  simulations  help  establish  molecular  structure 
details  of  nitramines  that  influence  the  formation  of  near-surface  flame  reactants  like  NOj,  HONO.  CHjO 
and  NjO  The  effects  of  pressure  and  temperature  on  the  surface  reaction  zone  can  be  probed  experimen¬ 
tally.  Other  infrared  spectral  methods  designed  to  probe  the  condensed  phase  and  gas  phase  are  discussed. 
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I.  INTRODUCTION 

New  opportunities  to  advance  the  field  of  rocket 
propulsion  are  possible  if  important  combustion 
characteristics  can  be  predicted  simply  from  the  com¬ 
position  of  the  propellant.  The  achievement  of  this 
objective  requires  a  detailed  knowledge  of  many 
factors,  among  which  is  a  thorough  understanding  of 
the  relationship  between  the  formulation  of  the  i  n- 
densed  phase  and  the  gases  available  to  react  in  the 
flame  zone. 

In  recent  decades  spectroscopy  has  played  an 
increasing  rote  in  the  identification  of  reactanu  and 
products,  the  measurement  of  temperature  and 
reaction  rates,  and  the  deacriprion  of  physical 
phenomena  during  the  thermal  decomposition,  com¬ 


bustion  and  explosion  of  materials.  When  a  solid 
propellant  bums,  the  luminous  flame  is  the  most 
prominent  feature.  The  luminous  flame  (diffusion  or 
monopropellant)  can  be  successfully  interrogated  by 
laser  diagnostics  which  provides  reaction  rates,  con¬ 
stituent  species  and  temperatures,  fo  achieve  the 
desired  understanding,  the  flame  is  frequently  opti¬ 
mized  by  (he  choice  of  the  reactants,  the  use  of  a  single 
phase,  and  the  use  of  a  pressure  below  that  of  a  rocket 
combustion  chamber.  Impres»ive  a(ivances  have  been 
made  and  have  been  overviewed  elsewhere.' 

A  critically  important  zone  for  propellants  and 
ex|rfotives  is  the  heterogeneous  reaction  region  that 
connects  the  condensed  phase  to  the  gas  phase  (Rg. 
I).  Despite  its  well-rccognized  importance,  this  zone 
has  resisted  detailed  chemical  study.  The  main  focus 
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Taile  I.  Regresiion  (burn)  rate  diu  for  various  energetic 
and  non-cnergetic  materials  at  I5psi  calculated  from 
4-  iMOMMiv  SMATCH/PTIR  kinetics  and  metsur^  by  combustion  or 

fjvFUKMi  linear  pyrolysis  esperiments 
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*  Extrapolated  to  1 80*C  from  double  base  propellant  data 
given  by  M.W.  Beckxtead,  Prot.  'i!h  JANNAF  Comhusl. 
Mig.  JPL,  Pasadena.  CA  (October,  1989). 

t  Eairapolated  to  ISpsi  from  higher  pressure  data  given 
by  N.  Kubota  and  S.  ^noSe,  Prop.  Explos.  Pyrotech.  13. 
!’2(I988). 

J  V.  V.  Aleksandrov,  R,  K.  Tukhtaev.  V.  U.  Boldyrev,  and 
A,  V.  Boldyreva.  Combust.  Flame  35,  I  ( 1919). 

$  Values  for  polymethylmethacrylase  and  polystyrene  at 
3V>*C  given  by  W  H.  Anderson.  K.  W.  BilU,  E.  Miskuck,  G 
Moe  and  R.  W.  Schulta.  Combust.  Flame  3.  301  (1939) 


Etc.  I  A  one-dimension  microscale  picture  the  main 
reaction  zones  at  the  surface  of  a  solid  propellant  component 
during  combustion. 


of  this  article  is  to  describe  infrared  absorption  spec¬ 
troscopy  as  a  viable  method  to  study  this  hetero¬ 
geneous  transition  zone.  When  a  bulk  material  is 
burned,  a  thin  heterogeneous  reaction  zone  develops 
at  the  surface  v  here  the  reactants  form  and  enter  the 
flame  zone.  This  process  is  extremely  complex  because 
ihem'-jchemistry,  kinetics,  condensed  phase  species, 
surface  phenomena,  and  heat  and  mass  transport  are 
all  important.  The  reaction  zone  is  also  very  thin 
(5-200 pm)  which  makes  studies  very  difficult  to 
conduct  under  combustion  conditions.  Therefore, 
studies  that  simulate  the  conditions  of  this  zone  are 
the  most  promising  alternate  approach  to  gaining  key 
information  about  how  the  composition  of  a  material 
relates  to  its  combustion  characteristics.  However, 
because  of  the  complexity  of  the  chemical  and 
physical  processes  involving  bulk  samples,  less 
temporal  resolution,  less  quantitative  data  and  more 
global  information  frequently  have  to  be  traded  for 
inierpretable  data  Consequently,  uncertainty  exists 
as  to  how  closely  the  microscale  experiments  simulate 
the  conditions  of  a  full  scale  combustion  of  explosion 


dence  in  the  use  of  SMATCH/FTIR  and  other  fast 
thennoiysis/FTIR  methods*’ to  identify  many  of  the 
species  that  exist  in  the  disperse  zone  shown  in  Fig  I 
and  enter  the  primary  flame  zo’'e.  Thus,  fast  ther- 
molysis/FTIR  techniques  provide  a  method  for  con¬ 
necting  the  formulation  or  composition  of  a  solid 
or  liquid  energetic  material  to  its  combustion  or 
explosion  characteristics.  This  is  because  the  nature 
and  concentration  of  the  decomposition  gases  are 
important  in  controlling  the  flame  and  other  later 
stage  energy  release  reactions.  Hence,  this  infor¬ 
mation  should  be  useful  for  modelli’ig  the  combustion 
and  explosion  of  energetic  matenals. 

To  illustrate  how  these  dau  might  be  used,  a 
description  is  given  of  the  use  of  fast  thermolysis/ 
FTIR  methods  to  establish  the  relationship  of  the 
molecular  structure  a:id  composition  of  a  senes  of 
nitramine  molecules  to  the  nature  of  gas  products  that 
are  liberated.  As  burn  rales  and  near-surface  flame 
structure  data  become  availabi*  for  nitramiiics.  the 
relationship  of  the  gas  products  to  some  of  the  com¬ 
bustion  properties  could  be  developed.  In  turn,  the 
general  combustion  behaviour  might  be  predictable 
for  hypothetical  formulations.  The  article  is  concluded 
by  an  overview  of  how  infrared  absorption  and 
emission  measurements  can  be  used  to  characlenre 
the  flame  rone. 


process 

Recently,  it  has  been  found  that  the  bum  rale  of 
vanous  energetic  mrtenals  calculated  from  the 
kinetics  constants  mcar;tred  with  Simultaneous  MAss 
and  Temperature  Giange  (SMATCH)/Fouricr 
transform  iifrared  spectroscopy  (FTIR)’  at  ISpsi 
Closely  matches  the  expenmciital  Unear  bum  raic 
measured  at  or  extrapolated  to  the  same  conditions '  ’ 
Some  compansons  are  given  in  Tabk  I  and  the  caper- 
imeniai  details  are  desenbed  later  in  Section  3.  The 
important  point  is  that  this  connection  provides  confi¬ 


I.  SIMtilJSTION  OF  THE  tSKPCRSC  atCION 

(hrrci  chemical  measurements  of  the  disperse  zone 
of  Fig  I  during  combustion  have  not  been  performed 
ami.  should  they  be  possible,  would  be  unrealistic  to 
perform  on  hundreds  of  samples  in  the  near  future 
Therefore,  experimental  methods  that  attempt  to 
simulate  important  conditions  in  this  region  arc  a 
good  alternative  for  obtaining  this  infomution 
Of  course,  there  is  no  ideal  expenmental  method 
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that  simulates  and  telb  the  deu'led  condensed  phase 
chemistry  and  physics  and  the  near  surface  pruoesses 
during  combustion  or  an  exphtsion.  Trade-olTs  must 
be  made  in  experiments  with  respect  to  temporal 
resolution,  the  size  and  position  of  the  sfsectral 
window,  the  number  of  species  probed  at  cue  tinv . 
the  configuration  of  the  sample,  the  method 
healing,  the  temperature,  the  pressure,  etc. 

Various  sample  configuratio'.ir  can  be  imagined 
that  enable  the  important  conditions  of  the  burning 
surface  to  be  simulated.  For  i,isunoe,  an  instan¬ 
taneous  picture  of  the  burning  surface  would  show  a 
film  of  material  with  a  stec^i  and  accelerating  tern 
perature  gradient  from  within  li<e  ooiidensed  phase  t.> 
the  gas  phase.  Hence,  a  thin  film  of  material  subjected 
to  a  high  heating  rate  is  reptesentaiive.  The  use  of  « 
email  amount  of  sample  facilitates  the  heat  transfer 
Even  if  a  polycrystalline  sample  is  used,  the  sample 
freqi  zntly  melts  to  a  thin  film  upon  heating.  Because 
chemical  information  in  the  simulation  was  our  goal, 
we  chose  to  optimize  the  amount  of  spectral  infor¬ 
mation  first  and  then  to  heat  as  rapidly  as  possible. 
Thus,  our  heating  rates  (IOO-3SO*C/sec  for  most 
experiments)  are  one  to  three  orders  of  magnitude 
slower  than  actual  propellant  combustion  heating 
rales.  However,  they  are  one  to  three  orders  of  mag¬ 
nitude  faster  than  those  employed  by  conventional 
thermal  analysis  techniques,  such  as  TGA  and  DSC. 
Pressure  is  another  important  variable.  Pressures  in 
the  1$  3(l00psi  range  are  relevant  to  ignition  and 
combustion  of  rocket  propellants.  To  probe  the  effect 
of  pressure  on  the  decomposition  process,  the  static 
gas  pressure  in  the  cell  was  varied  in  'h;  l-IOOOpsi 
range  to  examine  its  effect. 

While  not  perfectly  representative  of  the  conditions 
of  the  disperse  zone  during  combustion  of  rocket 
propellants,  the  conditions  appeal  to  be  close  enough 
to  connect  the  linear  bum  rale  kinetics  to  the  mass 
loss  kinetics  from  fast  Ihemtolytis  measured  at  the 
same  temperature  and  pressure  By  inference,  then, 
the  spectroscopic  data  from  fast  thermolysis  exper¬ 
iments  tell  X  lot  about  the  chemistry  under  these 
conditions. 

X  shulltancchs  mass  and  tcmpuatvsc  chance/ 
»Ttn  spccnoscorv  (Smatcm/sthi 

As  discussed  above,  the  regressKNi  rates  of  the  thin 
film  of  sample  calculated  from  the  SMATCH/FTIR 
technique  are  similar  to  those  measured  or  extrapo¬ 
lated  from  combustion  or  linear  pyrolysis  mcaiurc- 
mcnis  a:  ibe  same  temperature  and  pressure  Thus. 
SMATCII/ITIR  gives  an  uisiantaiKous  microscale 
siinulation  of  some  of  the  important  conditions  that 
the  surface  reaeiion  rone  ctpciicnon  dunng  steady- 
state  macrojcale  conbuition  The  SMATCH/FTIR 
technique'  it  presented  first  even  though  it  is  the  imni 
complicated  fast  ihermolyHs  techmqces  that  we  have 
developed  so  far.  It  forms  the  basis  for  utint  other 
simpler  fast  ihcrmolysis/FTIR  methods  to  sieniify 


the  gas  producu  that  feed  the  first  tuge  of  a  flame 
zone. 

SMATCH/FTIR  spectroscopy  enables  the  mass 
and  temperature  changn  of  a  thin  film  (20-fi0/im 
Ihickms)  of  a  material  to  be  measured  simul- 
Uncously  at  a  high  healing  rale  ( IO(3-3SO*C/sec). 
Non-'  jtbemial  kinetics  analysis  uf  the  mass  and  tem¬ 
perature  data  provides  Arrhenius  constants  that  can 
be  used  in  a  modified  version  of  the  pyrolysis  law  to 
picdict  a  btint  rale  for  the  material.  In  addition  the 
gas  producu  leaving  the  surface  are  measured  in  near 
real-time,  simultaneously  with  the  mass  and  tem¬ 
perature  measurements.  These  products  are  formed 
onder  conditions  that  the  condensed  phase  experi- 
'riices  during  combustion,  at  the  same  pressure  and 
icm  perature. 

A  block  diagram  of  iiic  niass  and  temperature 
measurement  portions  of  the  SMATCH/FTIR  exper¬ 
iment  is  shown  in  Fig.  2.  In  the  experiment,  a  film  of 
sample  with  a  uniform  thickness  in  the  20-b0/iin 
range  is  applied  to  a  stainless  steel  end-i;p  whkf  is 
fixed  to  the  free  eitd  of  a  cantilevered  quartz  tube.  The 
tube  serves  as  the  rcsor^ant  element  in  a  feedback  loop 
that  consists  of  a  light  emitt.ng  diodc/photoiransistcr 
pair,  a  voltage  amplifier,  an  audio  amplifier,  and  a 
vibration  exciter.  This  electromechanical  feedback 
circuit  senses  the  motion  of  the  vibrating  lube  and 
drives  it  into  transverse  oscillation  at  its  natural  res¬ 
onance  frequency  (ca  1 30  Hz) 

The  resonance  frequency  of  the  quartz  tube  is  sen¬ 
sitive  to  the  mass  of  sample  on  the  end-tip,  mass 
measurements  rely  upon  this  sensitivity.  The  fre¬ 
quency  of  the  fundamental  vibrational  mode  can  be 
described  by  Eq  (I) 


A 


1  /  3£/ 

2(1  yj  L}{m  -f  0  23m,) 


(I) 


F  ii  the  natural  frcqucKy  of  the  lube,  f  is  Young's 
modulus  for  the  lube.  /  is  the  area  moment  of  inertia 
of  the  tube,  L  is  the  length  of  the  tube,  m  is  the  mass 
of  the  load  (end-up  plus  sample),  and  m,  is  the  mass 
of  the  lube.  This  equation  rearranges  to  Eq  (2).  which 
shows  the  linear  relationship  between  the  sample  mass 
and  the  square  of  the  penod  of  the  vibration  (m,  is  the 
mass  of  the  cnd-itp  and  m,  is  the  sample  mass)  A  plot 
of  l/F*  vs  the  umpic  mau  wav  found  to  be  lircar.' 

I  *x=  /.’ 

?  "if/  *"*■  *  "*’  *  ®  I*) 


Radio-frequency  induction  is  used  to  heal  itv  iiain- 
tess  steel  end-tip  As  the  sample  is  healed  and  loses 
mass  due  to  thermal  decomposition,  the  luhr  a-\>  illa¬ 
tion  shifts  to  increaungly  higher  natural  resonance 
frequencies,  as  described  hy  l'.q  |2)  By  conimuously 
moiMtonng  the  frequcrscy  changes  for  the  heating 
penod.  rapid  mass  i  hanges  due  lo  sample  ihermolysis 
can  be  followed 

The  sample  temperature  is  monitored  by  attaching 
a  mKTOthrrmocouple  dirtcily  to  the  cnd-lip  This 
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Fig  2  A  block  diagram  for  li«  SMATCH/FTIR  cipertmnit 


dirr.  i  aiuchmenl  atlonvi  the  thermocoupte  to  sense 
lemperalurc  changes  due  to  eiothennic  or  endo¬ 
thermic  steps  during  thermolysis  of  the  sample. 

The  SMATCH/FTIR  technique  enabies  the 
dynamic  weight  change  of  the  sample  to  be  recorded 
as  a  lunction  of  tune  and  temperature  u  the  lampk 
IS  rapidly  heated.  However,  the  oiicrosciapac  deuil  ol 
the  thin  film  is  espected  to  be  compbcaied  because 
gasihcation  u  ikm  instantaiioovs.  At  any  time  dunng 
degradaiion.  the  film  may  be  pnniy  in  contact  wtth 
the  heat  source  and  partly  separated  by  a  very  thin  gas 
layer  As  a  result,  the  heat  and  mass  transfer  are 
dilficuti  to  analyie.  In  the  worst  soenarso.  the  tobd 
umpic  falls  off  the  end-tip  without  rcarttng  Another 
failed  cspenmenl  would  occur  if  the  sample  gasifict 
more  vigorously  on  one  side  of  the  end-tip  than 
another  and  pushes  the  tube  out  of  rtsonanoe  Thcnr 
dilhculiiei  are  readily  rocofniacd  m  the  wetgbt-lou 
curve  as  a  sharp  spike  or  a  slope  break.  Espenments 
in  which  this  ooevrs  arc  diacardad.  ThcK  problems  arc 
mimmiaed  when  the  Ibm  Aim  is  uotformly  deposited 
on  the  end-tip.  Tkereiore,  considerable  care  was  taken 
in  the  preparation  of  the  sample  tubes. 

To  relate  the  kinrtic  parameters  to  the  true 
behavior  of  the  maierul  during  dncompoailion.  the 
lempetaiurt  end  the  man  change  at  that  temperature 
must  he  genutnetv  relair  *  That  n.  the  rcissaiion  rate 
of  the  temperature  in  the  Mm  must  he  at  least  as  fan 
as  the  healing  rate  n  that  the  (Um  mauiiains  a 
constant  temperature  If  iho  oonditioa  it  met.  then 
the  oK-ssurad  icmpcraiurt  is  cfcaractcnstic  of  the 
chnniury  taking  place  in  the  bulk  sample  The 
masimum  heating  rale  for  wlncli  the  temperature  » 
umform  in  a  hhn  of  thickness  i  m  meters  it  pvtn  by 
Eq  (I)  Nitroccflulosr  (NO  tt  nmd  here  to  lituttraie 


this  analysis. 


A 


t,  IS  the  rcUsaiion  tune  for  the  lempcraturv  gradient 
111  a  him  t>t  ihc  polymci,  f,  is  the  heat  capacity 
(I  2SkJ/kg  -  K  at  I2<rc  for  I3%N  NC").  p  is  the 
nominal  dcnsilyd  .S  *  10*  kg/m*  for  NO  »ndi  is  the 
thermal  conducliviiy  (2.3  »  iO'*kJ/iec  •  m  ■  K  for 
I2%N  Ni.'**)  In  a  quatiiaiive  way.  ihc  heating  rate 
and  film  Ihtckncss  can  be  rrlaicd  by  Eq  (3).  By  using 
the  data  given  here  for  NC.  »,  •<  4  »  10  '  sec  for  a 
Mm  ihicknces  of  70imi  This  u  the  approaunale  tune 
at  which  the  NC  Mm  is  able  to  oqmbbratc  a  chanfc  in 
temperature  If  one  degree  accuracy  in  the  tempera¬ 
ture  dau  IS  sought,  then  d7?dt  can  be  no  faucr  than 
l/r,  or  25*t7sec  If  4*C  accuracy  is  sought  then  dT/d* 
can  be  shout  lOCTCVtec  Because  the  heating  rate 
dunng  decompoutioa  in  the  SMATCH/FTIR  etpen- 
men!  was  lyprcaUy  in  the  range  of  IJ0*C/i*c.  ihis 
analysis  indwiies  that  Ihc  Mm  thickness  should  be 
A  30  pm  for  one  degree  accuracy  in  the  temperature 
As  a  result,  tiiempis  were  made  to  adweve  a  Mm 
Ihickncu  in  this  range 

The  cBect  at  mata  transfer  on  tNat  fast  heaimg 
espmmcniv  wst  trued  by  drtrmwmng  the  setiirtivMy 
of  Ike  weight  loss  curve  to  ike  imiiat  sample  mass  No 
cRect  wai  found  for  masses  lets  than  I  mg  indKCling 
that  HI  the  design  of  SMATCH/FTIR.  mast  translm 
IS  not  an  unportani  factor  provided  the  tamplr  of  the 
Mm  IS  thin  and  uniformly  deposited 

As  indicated  in  lig  2.  the  Ihcrmocouplr  and  mass 
measurement  outputs  at  about  144)  Hr  aic  multi- 
pleted  to  separate  channels  uf  a  PC-beied  data  ecqui- 
Mioa  sysSem.  which  pi‘*''M*'  enough  dan  for 
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accurate  umukancous  detcmunalion  of  mass  iikI 
temperature  chanjci  with  tune 
SMATC'ti/KTIR  spectroscopy  so  far  has  twen  used 
to  determine  the  rapid  thermal  docomposiiMn 
kinetics  and  mechamsm  of  cnerfctic  niiraic  ester*  and 
a/ide*  polymers,  several  crysu&ae  oudiners'*  and 
several  non-cnerftbc  polymer  binders*  used  in  rocket 
propdlants  In  all  cases,  the  kinetics  of  rapid  lacitht- 
loss  can  be  calculated  from  the  povm  rate  law  bq  (4). 
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•here  r  w  («  -  .k,)  sampt-T 

«ei(hi.  m,  a  the  hnal  sample  neighi  and  m  u  the 
•eiRhi  at  any  tune  t.  •  a  the  appnrcm  rcactioo  order 
Ft(ur«  3  shorn  the  SMATCH/FTIR  data  for 
1 3  4%  N  ttttiocedukHe  Heating  of  the  sample  occurs 
at  an  imtial  rate  of  about  I  VTCime.  At  iu  decom- 
poution  icmpcraiurt.  NC  ementiaBy  oompletcly 
decomposes  in  aboiu  0  3  sec.  A  temperature  ns; 
(ccurs  due  to  the  csothermicHy  of  the  ptoocss  dr/di 
•as  numencaU)  obtained  by  polynomial  regrciaion 
analysis  of  the  ««iglu-kits  curve  through  the  uui;al 
50%  of  the  weight  le«t 

rhe  tcmpcraiure  dependence  of  the  rate  constant  k 
IS  given  by  the  Arrhenius  Cq  <5)l  where  £.  is  the 
activatioii  energy 

k  •  M  <51 


Therefore,  for  the  power  rate  taw  form  the  weight 
ksn.  Fq  (4)  IS  foRowed  ty  appiysng  the  ddlerential 
mtilKid  to  Fq  (4|. 
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af  ft.  and  In  4  can  he  cakulatesi  from  the  rapid 
weight -loss  curve 

SuAilar  studies  have  been  conducted  on  other 
samples  of  mtrocellulosc  having  dillcreni  percent 
nitration,  and  on  polyl vinyl  -uiratc)  (PVN).  potyfgly- 
ody)  nitrate)  (PGN)  and  polyfmuaiomcthyimcthyi- 
oactaac)  (NMMO) '  The  aadc  polymers  atido- 
lnethyl!l>r:^>»tosetanc  (AMMO),  bnfa'idomcthyl)- 
oseunefBAMU)  and  gtycntyi^. .;o<>ricf  (tiAP) 
have  been  studied  *  The  SMATOi/FTIR  technique 
has  also  been  apphed  to  the  dccomposiiioA  of  pure 
noo-cnctgetic  propcilani  hinden,  such  as  hydrosy- 
terminated  polybutadicrsc  (HTPB).  hydrosy  tenmn- 
aicd  polyethylcneflycotadtpaie  (HTPA),  and  ditso- 
cyanate  crosslinked  HTTB  polymers  ’  The  results  for 
the  noo-enrrgetK  polymers  are  very  diUcrersi  from 
those  of  the  energetic  polymers  rcunpared  to  N<' 
shown  m  Fig  5.  the  wcighi-lou  curves  of  noo-ener- 
gctK  polymers  hase  a  more  gra>*ual  slope,  snd  the 
temperature  rties  more  slowly  dursng  dtcampmilKMi 
refkcting  the  fact  that  there  polymers  do  not  haw 
crwrgrtic  functional  gi'^ups  A  value  of  a  «  2  was 
found  to  hnearsar  F.q  (7)  for  the  catcubtioii  of  F,  and 
log  .4  It  should  he  emphasuid  that  this  value  of  a 
docs  not  unplv  a  second  order  leacimo.  but  raihct  ts 
merely  a  curve-httmg  pnramctrr  Further  dneussKin 
of  the  ro4r  of  a  »  g^ven  eliewhtir  * 

Thr  kmetKs  constants  for  the  poeymci  compounds 
a;T  summanan)  ui  Tabit  2  Note  that  the  activation 
energies  fca  thr  mtrnie  eswr  and  andr  polymers  are  in 
the  rui^  fspccted  when  bund  breakup  and  chemica! 
reaetions  dommaw  the  overaR  praoKs  On  the  other 
hand,  those  for  MTPA  and  IITPR  are  much  uuaRet 
Their  valors  art  more  ivpacal  of  devorption  than 
thcm«al  hand  herakiag  Thr  appraramr  m  thr  gas 
phase  of  fragmeaiv  chppcd  from  the  MPT  A  and 
IfP'TH  pohmrrc  n  conwiteot  with  ihnr'  Atrhrrum 
valucv  and  with  devorption 

The  Arrhtmus  conuanit  eakcutaiad  from  the  hi^ 
rale  mass  lots  data  and  the  corrcipondoif  tern 
peeaiure  data  measuutd  hi  SMATtm/FTIR  can  hr 
used  to  cahutaw  a  hnear  itgtevMon  (bum)  raw.  in 
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ru»/mc  for  the  malrml  by  using  •  modified  versioa  of 
the  pyrolyiis  law.  Eq  (I),  where  A  n  the  film  ihidtnett 
in  mm 

r  -  .<*e  *•'*'  (I) 

For  the  use  of  E«4  (I)  to  be  vabd.  the  film  thickness 
must  be  essentially  the  same  as  the  thickness  of  the 
surface  reeciion  tone  of  the  condensed  phase  during 
combustion  at  1 3  psi  A  reaction  tone  depth  of  20- 
60pm  IS  typical  and  this  was  the  filir.  thickness 
employed  in  our  work.  The  temperature  for  Eq.  (t) 
was  taken  from  the  thermal  trace 

As  shown  in  Table  I.  ‘here  is  a  good  correlalioA 
between  the  measured  (or  eitrapolaicd)  values  of  r 
from  combusiiOA  and  ih«>se  calcuiaied  from 
SMATCH/FTIR  kmetics  It  should  be  emphasiicd 
that  this  match  applies  only  m  the  temperature  and 
pressure  cOkldlllon^  where  the  SMATCH  data  were 
measured  The  value  of  r  represents  cne  data  point  on 
the  hum  rate  curve  Tkr  SMATCH/FTIM  Arrkmmt 
rtmsiimls  sMottU  mot  he  med  to  raindttle  r  m  oiket 
pettMee  amJ  lernipentiitK  utmgrs.  However,  the  close 
match  of  the  data  from  the  two  types  of  capenments 
in  Table  I  tmpbes  that  the  condensed  phase  capen- 
enoes  Sitmiar  conditioAs  and  that  the  chemical  prO' 
cesses  art  likely  to  be  ciosety  reialcd  to  the  two 
ctpertmcnti 

The  chemistry  o.'  the  reaction  tone  is  inferred  from 
the  final  portion  of  :Se  SMATCH/FTIR  ctpcruncni. 
which  IS  the  simultaneous  anatysis  of  evolved  gases  by 
rapid-sean  fTIR  spectroscopy  This  is  accomphslwd 
by  positiocMaf  the  caaiiirvertd  tube  so  that  the  niciat 
end-up  was  located  2-4  mm  bdow  the  focal  pomt  of 
the  mfrated  beam  of  the  spnetrometer  An  IR  gas  ccR 
was  pouiioncd  above  the  end-up  ir.  onkt  to  cssnfine 
the  gases  tlui  are  predwetd  upon  thermal  deoompo- 
sitios  By  irsggcrsng  the  SMATCTI  portioA  of  the 
capcrwnent  wsth  ihr  mterfcfsMnctcr.  correiatKMi  of  gas 
prssdsacts.  ihrrmat  evvsHs.  and  hmss  km  can  be  made 
ti  IS  gratifysi^  to  find  that  Uk  gas  prsvJucts  drsnned 
by  SMATCTI  f-TlR  are.  for  alt  laients  and  put- 
poses,  the  same  as  thow  obtaused  with  owi  enher 
fast  ihemwuyvts  tochniqsies*  **  that  are  drsersbed 
tacksw  Hence,  ihr  gas  prodHcts  obtamoJ  over  the 
yean  by  these  other  wehnsguw  can  be  wwd  with 
conMesue  lo  chararsenac  the  IR  arrive  ^mews  that 
irate  tbc  surface  dwrsng  the  hnl  stage  of  dnaom- 
posrtioA  darsng  cii  mbuliiiia  These  natty  pradunt  are 
aa  hmiorscal  ttcoed  of  Ihr  leactsons  m  the  annderwed 
phase 

TV  fau  iVrsnots-siCFTTR  wetmaqan  deaersVd 
Vksw  are  of  umpirt  drugn  and  arc  easwv  lo  sne  than 
iV  SMATf  TITTER  mchaaqur  As  a  resuh.  tV  snapw 
pan  of  this  artich  is  drvoMd  to  deatrstvisi  reiaison 
daps  devehspad  weh  iVse  snthnnqurs  tW  pariKsdar 
mlnial  is  tV  onnnnttion  brianrn  IV  parem  mnimw 
Ur  ttisKSure  and  iV  dnrotepaartson  gases  that  have 
iV  surface  TV  —thndt  for  mnatursng  these  qsectra 
and  nuaMitaimg  tV  pradurts  ate  deacnhnd  nrti 


Chemical  mformation  about  IV  condenteei  phase 
and  the  stmuUted  burning  surface  is  obtained  from 
rapid-scan  KTIR  spectroscopy  of  IV  gas  prodsicts 
evolved  from  the  surface  KTIR  spc^rioscopy  has  IV 
advantage  over  dispersive  IR  metheds  wVn  high 
energy  throughput,  rapid  data  acquisition  and  broad¬ 
band  IR  spectra  arc  required.**  The  hyo*!!  of  iV 
optical  benches  of  various  FTIR  spectrometers” 
should  be  consulted  for  detaib  ol  how  these  advan- 
Uges  are  achieved  For  real  or  near  raal-iime  data 
acqmsilioo.  a  research  grade  rapid-scanning  FTIR 
spectrometer  (RSF'TIR)  it  in^ialuable  In  general, 
thermal  decompositiofi  studies  of  bulk  enctgciA' 
materials  are  not  well  suited  to  conventional  time- 
resolved  IR  spectroscopy  bcs:ause  tV  physical  and 
chemical  events  are  nctihct  reversible  in  tV  same 
espenment  nor  c«a<:tly  recrcataMc  in  successive 
eepersmenu  Siep-scanmng  instruments”  may  have 
use  tn  this  field  but  fiavc  not  been  appbed  as  yet  lo 
sludv  t>hysic<w:Vmicat  process  us  esKfgetic  maiertais 
Tinse-rcsoived  intiarcd  spectral  photography 
(TRISF)  described  in  Sevuon  9  is  beginning  to  be 
apphed  to  rapidly  bcatevl  cnergetK  masc.'tab  ” 

TV  rapid-scan  hTIR  spectiocisctcr  takes  advan¬ 
tage  of  the  fael  ikai  both  ibr  forward  and  reverse 
mssihsns  nf  iV  rnoving  msff-jr  et  tV  interferometer 
can  gcnetaic  all  of  the  spevirat  iisfoimalion  This  fact, 
coupled  with  a  rapid  minor  velocity  and  a  vetv  viablr 
micffirromctct,  allows  rntd-IR  spectra  to  be  soUccicd 
at  60  M)  leans  per  sec  with  16  >2em  '  rtsolulion 
TVs  resolution  is  inadequate  for  studies  of  iV 
dccuenpoMtioei  of  most  metgeiK  matetsais  As  noted 
below.  Vgbet  resolution  is  rtqsnred  for  moti  analyses 
A  mercury  cadmtum  leilundt  I  Ml 'T )  scnueonduct .  t 
detector  and  digital  ugnal  peoervung  provsde  a  low 
none  Mgaal  in  wVeb  absorKatwes  are  sieafly  evident 
Ml  uAgIt-ican  spivlia  The  iisterfcrogtams  acquired  >n 
tkas  way  are  stored  usdepCRdemly  bv  fast  anakvg-to 
digstalfAt))  iransler  with  a  peecne  and  aecsttate  time 
record  attached  to  each  fck  At  a  Utet  tmir.  Ih-:  tnler 
ferogiams  ate  ttansiornwvi  TV  -qicraior  can  ma 
Mputaie  many  of  tV  parametees  of  tlw  data  collection 
and  I  owner  tramiocmatKO  to  ortwiuv  tV  scan 
<pccdL  tewolviiow  and  spo  ua  detask  We  letilrvf  ois  a 
tewn  ipocd  of  10  veanvm  at  fem  '  resoluiioa  as 
iquul  for  thm  leveanh  However,  a  faster  scan 
ipacd  cowU  Vve  beew  sbon  with  a  saerrVe  m  rrvol 
wtion.  hname  ike  itwmlvci  of  data  pawit  ihai  can  V 
codhcsid  per  sevond  »  Icmrt  at  ktgVr  w.aa  rater  la 
iVwt.  tV  cWwir  lA  tV  qfwelroeis. srr  {sararBeter 
wttmgs  depmds  on  tV  tci  cumervi  arvit  itvr  ptoMrw. 
unde*  siwds  There  is  »>.-  perfict  parameier  for  Vlodi 
Vataons  to  iV  saovptr  < •owfvartnvmi  nui  also  Iv 
feqiwrrd  1 1  V  canqvaliMr  wrik  iSr  <  o.-*dis>-o>t  o4  iV 
espresmewl  I  oe  esamplf  a  Vgh  Kiaqwtatwve  llano 
can  Vai  the  optos  and  sawre  aa  mtrtfeemcr  pat^ms 
Ichawnrfhmt  MS  ihc  spicttwin  onkrvs  prn  aotiowi  arc 
Uktw  to  9^  wtiigr 
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S.  NEAR  SURFACE  CAS  PRODUCT  ANALYSIS 


FTIR  spectroscopy  has  been  used  extensively  to 
identify  and  quantify  gases  produced  by  reactions  of 
solids  and  liquids.  A  separation  technique  is 
sometimes  involved,  as  in  gas  chromatography/FTIR. 
When  studying  ignition,  combustion  and  explosion 
phenomena,  the  important  variation  on  evolved  gas 
analysis  methods  incorporating  FTIR  spectroscopy  is 
to  perform  the  analy^Js  with  minimal  delay  in  the  time 
between  the  event  and  analysis.  Hence,  the  IR  beam 
IS  focused  as  close  to  the  reacting  sample  as  possible 
(l-Smm  away)  and  the  data  are  collected  by 
RSFTIR.  Since  the  delay  time  between  the  reaction 
and  the  analysis  is  kept  to  a  minimum,  many  relatively 
reactive  species  are  observed  with  concentrations 
more  close  to  the  original  than  when  longer  time 
delays  exist.  Of  course,  the  time  delay  is  still  large 
compared  to  many  of  the  elementary  reaction  rates. 
Nevertheless,  the  instantaneous  relative  concen¬ 
trations  of  the  gases  observed  are  more  typical  of 
those  that  feed  the  flame  zone  (were  a  flame  to  be 
presen’  and  fed  continuously  by  the  condensed  phase) 
than  is  the  case  if  the  time  delay  is  introdiced. 
Analysis  of  the  gas  products  can  oe  made  if  the  flame 
is  present  (Section  10),  but  the  flame  tone  products 
tend  to  dominate  the  reactive,  near-surface  products 
in  this  case. 

The  first  in-beam  FTIR  analysis  of  rapid  decompo¬ 
sition  of  a  propellant  or  explosive  appears  to  he  the 
work  of  Flanigan  and  Stokes”  who  packed  ocla- 
hydro-l  ,3,5,7-tetranitro- 1 ,3,S,7-tetrazaccnc  (HMX) 
into  a  platinum  screen,  through  which  a  current  could 


OjN-N  N-NO, 

k ; 

I 

NOj 


(HMX) 


be  passed,  and  positioned  the  screen  in  an  IR  beam. 
Filament  pyrolysis  employing  FTIR  spectroscopy 
as  the  diagnostic  was  first  described  by  Liebman 
ei  al."  Wc  have  subsequently  investigated  more 
than  two  hundred  energetic  materials  by  filament 
pyrolysis  in  which  the  IK  beam  is  passed  over  the 
surface  of  a  rapidly  heated  sample  The  basic  cell 
design  is  described  below.  For  these  experiments 
the  desire  is  to  decompose  the  sample  rapidly,  but 
to  avoid  ignition  or  initiation  of  the  sample.  If  the 
latter  p.’-ocesscs  occur,  the  final,  thermodynamically 
stable  products  tend  to  dominate  in  the  infrared 
spectrum. 


5. 1 .  Cell  Design  and  Methods 

More  complete  descriptions  of  the  basic  fast  ther- 
molysis/FflR  cell  are  given  elsewhere.**'*  Figure  4 


gives  the  essential  design  features.  The  anti-reflection 
coated  O.S'  x  I' diameter  ZnSe  windows  are  held  in 
a  7.Scm  diameter  aluminum  cylinder  by  brass  end 
caps.  ZnSc  was  used  because  it  is  transparent  in  the 
mid-IR  portion  of  the  spectrum  where  modes  occur 
that  indicate  the  chemical  behavior  of  energetic 
materials.  It  also  has  a  high  tensile  strength  so  that  it 
can  be  operated  at  high  pressure.  The  cell  was 
designed  to  withstand  a  static  internal  pressure  up  to 
SOOO psi,  but  is  used  only  in  the  I-I000p$i  range.  The 
heater  filament  is  a  slightly  creased  nkhrome  IV 
ribbon  (2.S  x  0.6  x  0.012  cm)  supported  on  press¬ 
ure-tight  feed-through  insulators.  Although  studies 
were  not  conducted  on  a  wide  range  of  compounds,  a 
detailed  study  of  a  liquid  gun  propellant  LGPI84S, 
which  is  expected  to  be  especially  sensitive  to  catalysis 
by  metals,  revealed  little  dependence  of  the  ther¬ 
molysis  products  on  the  filament  material.*  Typically, 
I  -2  mg  of  sample  (solid,  liquid  or  mixture)  was  heated 
on  the  filament  using  a  Foxboro  40  Pyrochem  con¬ 
troller.  The  constant  voltage-variable  current  feature 
of  the  controller  has  special  value  in  the  temperature 
profiling  experiments  described  in  Section  6.  In  prin¬ 
ciple,  any  reasonable  heating  rate  of  the  sample  could 
be  achieved,  but  <  4(X/  ’C/sec  was  chose.i  beca<'se  the 
spectral  collection  rate  does  not  distinguish  processes 
at  higher  heating  rates.  The  argon  gas  pressure  in  the 
cell  was  adjusted  as  desired  in  the  I -1000  psi  range. 
Because  of  the  importance  of  collecting  IR  spectra  at 
high  tempx>ral  resolution,  the  rapid-scan  mode  of 
a  Nicolct  203X  and  60SX  mil  spectrometer  was 
used  in  all  of  these  studies.  With  the  beam  focu.'ed 
several  mm  above  the  filament  surface,  the  IR  active 
gas  products  from  the  fast  heated  sample  can  be 
detected  in  near  real-time.  No  significant  change  of 
pressure  in  the  cell  occurred  from  the  evolved  gases 
because  of  the  small  sample  size.  If  smoke  or  an 
aerosol  with  particle  diameters  less  than  SOfim  forms 
during  thcmiolysis,  wavelength-dependent  dispersion 
can  cause  the  baseline  to  slope  upward,  usually 
‘oward  the  shorter  wavelength  side.  However,  the  gas 
product  concentrations  can  still  be  calculated  in  most 
cases. 


5.2.  Quantitation  Processes 

The  relative  percent  concentrations  of  the  gas 
products  were  obtained  by  a  procedure  employing  the 
effective  width  factors  and  absolute  intensities  of 
non-interfering  absorbances  for  each  product.* 
In  some  cases  only  the  P,  0.  or  R  branch  was  used 
in  order  to  minimize  interference  by  other  peaks. 
The  effective  width  factors  wire  determined  front 
a  greatly  expanded,  2cm''  resolution  spectrum 
of  the  decomposition  gases.  For  most  of  the  pri.xiucts, 
the  area  of  the  absorption  band  of  interest  was 
measured  and  divided  by  the  peak  height.  This  gave 
an  effective  width  factor  for  the  absorption  which 
was  then  divided  by  the  absolute  intensity  to  obtain 
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Praatura  Outlet 


3”  O.D.  X  5”  Al  Cylinder 


1^"  0.0.x  0.5"  QiJnd 
ZnSe  Window  / 


OnAWmG  TO  SCALE 


Circular  Base  Plate 
(fastened  by  10  studs) 


Pressure-tight  Feedthrough  Insulators 


Fig.  4.  The  essential  features  of  the  fast  thermolysts/FTIR  cell.  The  pressure  gauge  and  ports  .'le  drawn 

in  abstraction. 


a  scaling  factor.  The  scaling  factor  lor  each  of  the 
gases  was  then  divided  by  the  scaling  factor  for  00^ 
to  obtain  the  relative  percent  concentrations  based 
or:  CO.  as  the  standard.  Seve^i  knov.'n  mixtures  of 
gases  were  compared  to  the  scaling  factots  derived 
in  this  way  and  gave  similar  results.  For  al’  subse¬ 
quent  studies,  this  scaling  factor  needed  only  to  be 
multiplied  ty  the  peak  height  for  the  gas  in  question 
to  obtain  the  relative  percent  concentration  of  that 
gas. 

The  theoretical  basis  for  the  above  procedure  is 
based  on  Beer's  Law.  The  concentration,  C,  is  related 
to  the  absorption  area.  A,  the  pathlength,  /,  and  the 
intensity,  /,  by  Eq.  (9). 


Since  CO,  is  the  standard  for  determiiiing  the  rdativc 
percent  concentration  of  all  other  gases,  x,  in  our 
work,  Eq.  (10)  gives  the  ratioing  process. 


The  integrated  area.  A,  under  (he  absorption  curve 
was  divided  by  (he  height,  //,  to  give  an  effective  width 
If'.  When  tf'  is  divided  by  A  for  each  absorption  and 
then  divided  by  lfa),/dco,,  the  factor  F  is  obtained 
for  each  absorbance  (Eq.  (II)). 


The  factors.  F  ca’culzted  in  this  way  arc  snown  in 
Table  3  and  permit  the  relative  percent  conceiitrations 
to  be  computed  froi.i  the  peak  heights. 

There  .ore  several  potential  soun.  i  of  error. 
Pressure  broadening  can  change  the  peak  height. 
Experimentally,  it  was  found  that  HCN  was  most 
affected  by  pressure  above  200  psi  and  sc  a  correction 
was  needed  at  higher  pressures.  Occasionally,  the 
desired  absorption  overlapped  another  absorption. 
This  problem  was  overcome  by  estimating  the  curve 
profiles  of  each  component  and  using  the  desired  one. 
Given  the  uncertainty  in  some  of  the  literature  values 


Takle  3.  TV  multiplicative  factor  F  used  in  relative  percent 
concentration  cakulatinns  (eq.  II) 


Gas 

Absorption*  cm'' 

F 

CO, 

2349(R) 

It 

N,0 

2224(R) 

2 

CO 

2143(P) 

25 

NO 

1876(R) 

32 

CH,0 

1744(R) 

IS 

HNO, 

NO, 

1709 

8 

1621 

2 

HCOOH 

1103 

3.7 

NH, 

968(Q) 

5 

HONO  (cii) 

856(Q) 

3.2t 

HONO  (Irons) 

794(Q) 

HCN 

7I3(Q) 

3 

CH, 

3020(Q) 

II 

C,H« 

949 

7.5 

C,H, 

729 

3.4 

HQ 

2974(R) 

4 

*  The  meaning  of  R,  Q  and  P  branches  for  these  modes  can 
be  found  in  G.  HerzVrg  Infrared  and  Raman  Spectra, 
D.  Van  Nostrand,  Co.,  New  York  (1943). 
t  Reference  compound, 
t  Sum  of  cis  and  irons  intensity. 
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of  the  absolute  intensities  and  the  other  approxi¬ 
mations  in  this  quantitation  procedure,  there  is  at. 
absolute  error  of  about  ±  10%  in  the  concentrations, 
but  the  relative  changes  in  concentration  within  a 
given  concentration  vs  time  plot  have  lower  error. 

Another  procedure  that  could  be  used  for  quanti¬ 
tation  of  a  gas  product  is  to  measure  the  individual 
absorbance  values  at  various  partial  pressures  of  each 
gas  and  to  compare  them  to  the  product  gas  absorb¬ 
ance  in  a  thermolysis  experiment.  This  procedure  has 
the  value  of  giving  the  absolute  rather  than  the 
relative  concentration.  The  absorbance  values 
measured  in  this  way  depend  on  the  pathlength  and 
most  likely  depend  cn  the  cell  window  material  and 
thickness,  and  the  type  of  spectrometer.  Also,  some  of 
the  gases  of  interest  in  eitergetic  material  research  are 
difficult  or  dangerous  to  work  with,  especially  at 
h’ghcr  pressure  (c.g.  HNj,  CHjO,  HCN,  MONO, 
UNCO.  NHXN,  HNO,) 

Som-’  Characteristics  of  the  Evolved  Products 

In  the  above  experiment  the  time  deiay  between 
thermolysis  and  the  detection  of  the  evolved  gases  is 
insignificant  compared  to  the  scan  speed  of  the  spec¬ 
trometer  because  the  gases  travel  only  I -4  mm  from 
the  sample  to  reach  the  IR  beam.  The  gas  products 
rise  by  convection  into  the  cooler  Ar  atmosphere  of 
the  cell  where  they  are  momentarily  quenched  during 
the  detection  stage.  Based  on  the  relative  intensities  of 
the  P  and  R  branches,  the  gases  are  in  their  ground 
state  by  the  time  they  teach  the  IR  beam.  The  choice 
of  the  atmosphere  in  the  cell  depends  on  the  problem 
being  studied.  A  relatively  inert  gas  such  as  He,  Ar  or 
is  the  atmosphere  of  choice  if  the  intrinsic  ther¬ 
molysis  characteristics  of  the  parent  compound  are 
desired.  If  the  thermolysis  is  performed  in  air,  then  the 
intrinsic  thermolysis  process  of  the  compound  is  inter- 
^mixed  with  the  reactions  with  O]  and  HjO.  Of  course, 
an  air  atmosphere  would  be  desirable  if  the  decompo¬ 
sition  of  the  material  is  likely  to  occur  in  air  in 
practice.  Other  applications  can  be  imagined  that 
would  call  for  a  fuel-rich  or  oxidizer-rich  atmosphere 
in  the  cell.  If  necessary,  spectral  subtraction  can  be 
used  to  remove  unwanted  absorbances  caused  by  the 
background  atmosphere. 

Figure  S  illustrates  for  a  2  mg  sample  of  RDX  that 
NO, 

(RDX) 

OjN'  ^  NO, 

good  quality  spectra  can  be  obtained  by  RSFTIR 
under  rapid  thermolysis  conditions.  When  heated  at 
dT/dr  ^  l70“C/sec  from  room  temperature,  the 
initial  gases  from  RDX  are  first  detected  in  about 
I .  I S  sec  because  the  thermal  decomposition  of  RDX 
leading  to  gas  products  oaurs  at  about  2(X)*C.  The 


Fig.  5.  Selected  rapid-scan  IR  spectia  of  the  gas  phase  3  mm 
above  .-.  2 mg  sample  of  RDX  healed  at  l70*C/sec  under 
I5psi  Ar.  The  limes  shown  follow  the  onset  of  heating  at 
t  -  Osec. 

absorbance  values  for  most  compounds  rise  very 
steeply  during  the  initial  second  of  decomposition.  An 
estimate  of  the  rate  of  decomposition  is  illustrated  by 
the  SMATCH  experiment  data  as  shown  in  Fig.  3.  By 
using  the  absolute  IR  intensity  method,  the  absorp¬ 
tions  can  be  converted  to  relative  percents  of  the  IR 
active  gases.  Figure  6  shows  relative  composition  vs 
time  profiles  for  the  gas  products  from  RDX  obtained 
by  this  method.  These  concentrations  are  calculated 
by  the  method  in  Section  5.3,  and  are  most  closely 
related  to  the  percent  concentration  based  on  volume. 
HjO  is  relatively  difficult  to  quantify  because  M20(g) 
has  extensive  rotation-vibration  fine-structure.  Many 
materials  that  volatilize  and  then  readily  condense 


Fig  6  The  reliiivc  percent  composition  of  the  quantified  gas 
products  form  the  spectrum  of  shown  in  Fig.  i.  HNCO 
and  RDX  aerosol  arc  not  included 
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(e.g.  some  parent  molecular  compounds  and  alkylam- 
monium  nitrate  salts)  or  polymerize  (e.g.  HNCO  -• 
cyanurk  acid;  NH2CN  -•  dicyandiamide  ->  melamine) 
can  readily  be  detected,  but  are  difficult  to  quantify, 
or  course,  IR  inactive  molecules,  such  as  homo- 
nuclear  diatomics,  will  not  be  deteaed.  The  import¬ 
ance  of  near  real-time  analysis  of  the  gas  products  in 
fast  thermolysis  research  is  evident  from  Fig.  6.  NO] 
is  the  dominant  early  decomposition  product  of 
RDX,  but,  because  of  secondary  redox  reactions, 
decreases  rapidly  in  concentration,  while  NO  increases. 
Note  that  NO  has  a  low  concentration  at  the  onset  of 
decomposition.  As  a  result,  if  the  time  delay  between 
the  analysis  and  the  onset  of  thermolysis  were  to 
exceed  five  seconds,  then  different  and  potentially 
incorrect  conclusions  about  the  thermal  decompo¬ 
sition  process  of  RDX  could  be  drawn.  The  changes 
in  the  gas  concentrations  with  time  often  indicate 
secondary  reactions  among  the  gases,  while  the  initial 
gas  concentrations  are  most  closely  related  to  the 
thermolysis  of  the  parent  molecule.  Based  on  exten¬ 
sive  studies  of  the  thermolysis  of  nitramines  in  various 
reactive  atmospheres,  the  evidence  is  very  strong  that 
the  processes  leading  to  the  initial  gas  products  occur 
in  the  condensed  phase.*  Thus,  condensed  phase  pro¬ 
cesses  are  largely  separated  from  purely  gas  phase 
processes  in  this  experiment. 

S-ATZ  illurtrates  what  can  be  learned  about  the 
thermolysis  process  when  very  few  of  the  gas  products 
can  be  quantified.’"  With  literature  searching  for 
reasonable  product*  and  thermolysis  studies  on  auth¬ 
entic  samples  of  potential  products,  the  vaporized 
materials  from  S-ATZ  can  be  identihed  and  the  main 
decomposition  processes  understood. 

Figure  7  shows  selected  IR  spectn-a  of  the  gas  phase 
taken  3  mm  above  a  )  mg  sample  of  5-ATZ  heated  at 
about  IOO“C/sec  under  ISpsiAr.  HN]  and  NHjCN 
are  the  initially  detected  products.  Their  spectra 
closely  match  the  spectra  of  authentic  samples  of 
these  compounds.’'^  NH,  also  forms,  but  iu  con¬ 
centration  is  very  low  compared  to  HN,  and  NHjCN. 
The  atom  connectivities  of  S-ATZ  indicate  how  HN, 
and  NH]CN  can  form. 

H 

n-n/ 

I  (5.ATZ) 

HN|  dominates  NH|CN  in  the  gas  phase  indicat¬ 
ing  that  some  of  the  NH,CN  is  detained  in  the 
condensed  phase  on  the  hot  filament.  There  reac¬ 
tions  ( 1 2)  and  (13)  can  occur  leading  to  vanous  cyclic 
azines 

NH, 

3NH,CN  — i— i-  jQj  (12) 

H/I'^N'^NM, 

(iMlamlno) 


6NH,CN  ^ 


NH, 

1*^11 


N'  N 


HjN 


N^N'^N 


'NH, 

(melem) 


(melon) 


In  keeping  with  this,  melamine-like  products  (absorp¬ 
tions  at  1 400-1630 cm*'  and  NH|  begin  to  vola¬ 

tilize  after  HNj  appears.  The  filament  temperature  is 
about  3S0°C  when  the  absorptions  of  the  cyclic  azines 
are  first  detected.  Melamine-like  products  readily 
form  at  this  temperature.”  *  According  to  Fig.  7, 
these  products  grow  in  concentration  as  the  filament 
temperature  increases  further.  However,  simul¬ 
taneously  with  these  cyclic  azines,  the  absorbances  of 
[NH4]N]  aerosol  appear.  The  Fermi  resonance  triplet 
of  v>,„* "  at  3133,  2997  and  2827  cm-',  and 
at  HjScm  '  appear.  The  modes  assignable  to 
"nnn-  found  at  2040  and  1812cm''.  All  of  these 
frequencies  agree  well  with  those  of  an  authentic 
sample  of  [NH4)N,.’‘  NH4N,  is  formed  by  the 
reaction  (14). 


NH, -I-  HN,  NH4N,  (14) 

Note  that  the  baseline  slopes  upward  toward  higher 
wavenumber  v.hen  the  NH4N,  and  cyclic  azinc 
absorptions  become  pronounced.  This  indicates  that 
these  products  are  aerosols.  Solid  melon  was  scraped 
from  the  filament  following  thermal  decomposition  of 
>ATZ  and  identified  by  the  comparison  of  its  IR 
spectrum  to  an  authentic  umple. 

Several  of  the  decomposition  events  become  more 
dramatic  when  S-ATZ  is  rapidly  thermolized  under 
BSOpsia  of  Ar.  The  higher  gas  density  at  higher 
pressure  carries  heat  away  from  the  filament  so  that 
the  sample  does  not  reach  as  high  a  temperature  as  at 
lower  pressure  Figure  8  shews  that  the  rel.nive  con¬ 
centration  of  NM4N,  continues  to  increase  shghily 
but  remains  constant  after  S.lscc.  Hence.  Fig  8 
shows  spectra  only  up  to  S.06scc  The  high  concen¬ 
tration  of  NH,N,  compared  to  lower  preuure  is 
accounted  for  by  a  shiO  of  reaction  ( 14)  to  the  right  at 
higher  pressure,  ,  azide  modes,  and  ihr  Fermi 
resonance  triplei  from  v^,  are  dearly  evident  given 
the  higher  concentration  *of  NH4N,  now  present. 
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Fig.  7.  Selected  (as  phaae  ipectn  3  mm  above  5>ATZ  healed  at  an  initial  rate  of  about  IOO*C/sec  under 

I5pii  Ar. 


The  amount  of  melamine  in  the  |u  phaae  is  lets 
because  the  sample  temperature  is  not  u  high. 
Melamine  would  te  expected  to  fonp  under  combus¬ 
tion  conditions,  but  NH^  N)  forms  becjuae  of  the  hi^ 
pressure  conditions  in  the  cell. 

Caution  and  chemical  sense  are  always  advisable 
when  applying  the  gas  product  information  from 
these  experiments  to  the  flame  aone.  This  is  because 
the  gas  products  from  rapid  thermal  decomposition 
are  evolved  into  a  cool  inert  atraosphare  rather  than 
a  hotter  flame  aone.  In  many  cases  Ihs  gu  products 
detected  are  the  ones  that  witt  burs  in  the  flam  aone. 
However,  in  some  cases  produos  are  seen  that  ham 
most  Ukdy  formed  from  reactive  fra^nenls  that  have 
reoombin^  to  more  stable  molaculm  in  the  cooler 
atmoephere.  An  eaampie  of  ihit  is  the  appenranor  of 
bia(2-methyiallyl)amjne.  shown  below,  u  a  gas 
product  from  the  fast  thermolytis  of  AMMO.*  Tint 
amine  undoubtedly  is 

CH,  ^  CH, 

CH, -t-CH.-N-CHj-i-CM, 


formad  from  further  reactions  of  the  unstable  nitrene 
fragment  shown  beiwesn  the  dashud  lines  in  the 


repeating  unit  of  the  AMMO 


:cH,  : 

1 1  i 


ICH,N  : 


polymer.  The  nitrene  it  the  product  of  decomposition 
of  the  aside  by  release  of  N,.  The  amine  probably  it 
observed  because  the  nitrene  setf-reacts  to  stabilin 
itself  perhaps  in  the  cooler  Ar  atmosphere.  Were  com¬ 
bustion  of  AMMO  actually  occurring,  the  nitrene 
fragment  is  the  more  probable  flame  reacunt  because 
it  would  have  been  evolved  into  the  hotter  reactive 
atmosphere  and  not  necessary  have  self-reacted. 


S.4  SitwnmlDmm^otiikm  IMaiiotuMi^ 

Many  uses  can  be  made  of  the  relative  cortoen- 
trations  of  the  near-surface  gas  products.  An  example 
it  to  relate  the  parent  molecular  structure  or  elemental 
composition  of  the  reecuni  to  the  ncsr-surfaoe  gat 
products.  This  connection  provides  a  way  lo  relate  the 
formation  of  the  condenaad  phase  to  the  combustioo 
chsractcristkt.  A  more  detailed  description  of  the 
relationship  of  gat  products  to  structure  is  compiled 
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Fig.  8.  SdeettdipeciniarihefMphaKMSinmibove  f-ATZ  healed  at  an  initial  late  of  about  I20X/mc 

under  ISOpaiAr. 


'ilM  near>rarfaoe  gu  prodiictt  aad  Uidr  reUliue 
conoentntioiu  contain  a  rich  lustorical  record  of  the 
condenaed  phase  daoompoaition  recctmns  and 
physical  processes.  These  gases  dominate  the  pre- 
ignition  and  ignition  chemistry  of  the  aani{de.  In  turn, 
the  products  of  ignition  control  the  flame  chemistry. 
If  connections  can  be  uncovered  bcttMcn  the  molecu¬ 
lar  structure  of  the  parent  material  and  the  gas 
producu  rekased.  then  the  work  of  the  synthesis 
chemwt  could  be  guidad  by  the  combustion  and 
explosives  scientist  and  vice  vans.  Aside  from  the 
connectioo  made  wMt  the  SMATCH/FnR  rcsukt, 
confldence  that  the  thermolysis  products  acquired  by 
RSFTIR  at  least  approach  the  combuatien  situation 
comes  from  the  bet  that  the  flndiags  for  nnramines 
quakutivciy  resemble  Ihs  suMe  products  obaer^  by 
quaru  micraprobc-maas  spaclrrMisiry*'  aad  pianar 
laaer  iaduoed  fluorescence  (fUF)**  studies  of  mtra- 
mine  flames.  The  fUF  eaperhnantt  show  that  NO, 
dominates  doee  to  the  surface  aad  that  NO  form*  in 
the  hotter  port  of  the  flame.  The  producu  also 
resemble  many  aspects  of  the  theoretical  gu  product 
proflIes  computed  by  Mehtm^ 

Compounds  containing  the  astrasaine  functional 
group  (IS)  are  among  the  moat  important  energetic 
materials.  Some  of  the  mayor  gm  producu  that  are 


produced  by  decomposition  of 

/N-n(^  CS) 

/  N) 

nitramine  molecules  are  NO,.  MONO,  N,0.  CH,0 
and  HCN.  These  oxidiaer  and  fuel  gases  feed  the 
flame  tone.  The  detection  of  some  of  these  producu  in 
the  concentraliotu  that  realistically  represent  the 
breakup  of  the  parent  compound  requires  the  near 
reu!-time  detection  afforded  by  fast  themolytit/FTIR 
tpectroacopy.  The  nitramine  funciionai  group  (IS) 
can  be  the  source  of  NO,(HONO)  and  HCN  or  N,0 
or  N,0  srd  CH.O  deperiding  on  the  temperature  arsd 
strut  the  molecule  (reactioo  Id). 

Ch|\  /  NO.  t-  M.CNfHOKO  ♦  HCN) 
^N-NO, 

'  N.O  ♦  CH,0 

(16) 

5.4. 1  Toidr-'r.i  in  form  NO){g) 

The  formubiKW  of  NO,  hy  reaction  ( 16)  is  of  mayor 
unportance  in  nitramine  combustion  because  it  it  an 
oaidiaer  in  the  primary  (near  surface)  flaiiK  zoik. 
Ahbough  not  previously  ditcutted  at  such.  H  teems 
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Fig.  9.  The  averaie  asymmetric  NO,  strelchiat  riequeticy 
ocmpaied  to  the  average  N-N  bond  disunoe  for  a  teriet  oT 
secondary  nitramines.  Compounds  on  the  right  side  of  the 
plot  are  strong  NO,  generators  upon  thermolyiis,  while 
those  on  the  left  side  either  do  not  produce  NO,  or  do  to  in 
strong  competition  with  other  nitrogen  containini  products. 

Compound  identities  are  given  in  Refs  36  and  37. 


plausible  that  the  length  of  the  N-N  bond  in  second¬ 
ary  nitramines  might  be  an  important  factor  in  the 
tendency  of  the  N-N  bond  to  homolym  and  liberate 
NO,  upon  fut  thermolysis.  Because  of  the  reactivity 
of  NO,,  it  it  necessary  to  draw  these  conclusions  from 
rapidly  heated  samples  and  to  employ  near  reat-time 
detection  (IR  spectra  recorded  at  30-100 msec 
intervals)  of  the  initial  gas  products.  Otherwise, 
secondary  reactions  of  NO,  disguise  any  relationship 
of  iu  concentration  to  the  structure  of  the  parent 
molecule.  Of  course,  it  must  be  emphasiaed  that  even 
simple  homolysis  of  the  N-N  bond  in  the  condensed 
phase  is.  overall,  a  complicated  process.  Intermol- 
ecular  activity  is  possibly  present.  At  the  very  least, 
some  of  the  NO,  mutt  dilTuse  through  and  desorb 
from  the  heterogeneous  environment  before  it  is 
detected.  The  most  severe  comphcalion  would  be  for 
N-N  bond  homolysis  to  follow  or  to  compete  with 
another  decomposition  route,  wch  that  the  i«M«i«t 
N-N  bond  disunoe  would  no  longer  be  the  control- 
hng  factor.  If  this  were  the  case,  then  any  general 
structure-decomposition  reiaiionship  invot^  NOy 
could  bedisguiaed. 

The  crystal  structurca  of  many  rntramines  are 
needed  for  this  comparisoo.  Fortunately  many  are 
avadabie.  Figure  9^  shows  a  plot  of  the  average 
N-N  bond  disunoe  versus  the  avenge  asymmetrse 
NO,  stretching  frequency  from  the  infrared  tpectrwn 
of  a  seriea  of  secondary  nitramines.  R,NNO,.  The 
compound  identities  ere  given  dtewhere.*^*'  A 
reasonably  good  reiaiionship  caistt  between  iheK  two 
paramclen.  tuggtsli^  that  the  force  comuni  of 
-  NO,  lUelchMi  depende  marfcedly  oa  the  amount  of 
eiectroe  daniiiy  that  the  -  NOi  group  ehares  whl:  Ike 
edieoeni  N-N  boad.  From  fast  ihennolyiii  it  was 
found  that  NO,  is  the  dominant,  initially  delected 


product  for  compou..ds  on  the  right  tide  of  this  plot. 
NO,  was  either  not  detected  or  was  detected  u  a  lesser 
abunrbat  product  from  compounos  on  the  left  tide. 
Thus,  long  N-N  bonds  favor  N-N  scission  during  fast 
thermolytis.  Hence,  with  reasonable  confkienoe  one 
can  pre^  the  amount  of  NO,  (hat  is  likely  to  be 
generated  by  fast  thermolysis  of  a  given  secondary 
nitramine  compound  from  its  IR  spectrum  or  its 
crystal  structure. 

Although  some  exceptions  exist  to  the  NO,  struc- 
ture/reaclivity  relationship  mentioned  above."  it  is 
enoounging  that  most  secondary  nitramines  ther- 
moKze  in  the  condensed  phase  in  a  systematically 
predicuble  way.  Thermal  reactions  in  the  neat  con¬ 
densed  phase  are  complex,  but  the  correlation  above 
gives  hope  for  uncovering  and  refining  patterns  that 
can  be  applied  in  practice  to  propellant  ignition  and 
explosives  initiation. 


5.4.2.  Tendency  to  form  HONOfg) 

Qoicly  related  to  NO,  is  the  formation  of  MONO. 
At  least  one  additional  process,  that  of  H'  transfer,  is 
required  before  HONOfg)  it  detected  from  nitramine 
dcoomposition.  Kinetic  modeling  indicates  that 
HONO  formation  plays  a  key  role  in  the  N-N  bond 
fission  process."  The  formation  of  HONO  has  been 
used  in  many  previous  studies  of  nitramines  to  ration¬ 
alize  the  appearance  of  other  products,  but  HONO 
itself  wu  very  rarely  detected  prior  to  fast  thermoly- 
sm/FTIR  apectroacopy  studies."  HONO  is  a  reactive 
and,  thus,  transient  molecule  which  it  not  observed 
without  rapid  healing  and  near  real-time  product 
deuctioo.  However,  both  the  ds  and  rraw-HONO 
iaoniencan  now  be  routinely  observed  from  the  ther- 
molyiis  of  nitramines." 

ARer  examining  a  large  number  of  nitramines 
heated  at  l4S-IIO*C/aec  under  ISpdAr,  it  was  dis- 
ooverad  that  the  initial  rdalive  percent  composition  of 
HONO  depends  strongly  on  (he  parent  secondary 
nitiamme."  la  one  iastanoe.  HONO  represented 
nearly  60%  of  the  first  detected  gat  producu.  A  broad 
relatiooNap  was  discoverod  between  (he  ratio  of  the 
Mmber  of  H  eioms  to  NO,  groupe  in  the  parent 
motecute  and  the  iaiiiel  peroeniage  of  HONO  in  the 
gu  producU.  The  rdationthip  is  shown  in  Fig.  10. 
The  leveling  off  at  the  higher  perotnt  vahiet  it  attribu¬ 
table  to  dihtlioo  of  the  HONO  by  other  gases  Queli- 
utivc  Might  UNO  the  processes  by  which  HONO  b 
foruied  from  (he  condensed  phase  b  contained  in  the 
pettcrnofFig.  10.  The  concentration  of  HONO  must 
depend  on  the  adveniiiiotts  encounter  of  H  (or  mH 
source)  and  NOj  (or  an  NO,  souroe)  in  the  condensed 
phnse.  Btelbsirally  mcrenaing  thb  chance  for  contact 
snhaaem  the  MONO  ooocintntion.  The  molecu- 
larity.  the  netufc  of  the  iraatilion  state  and  eny  other 
aspects  of  Ihi  reactioa  merheninn  art  beyemd  the 
eatCMion  of  these  rnadrnied  phase  resulu.  Many 
tpacict  could  Iterate  H  ,  but  it  b  imcrcsliiig  to  note 
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Fk.  10.  A  plot  of  Ihe  initial  relative  pcroent  eoaoentratiom 
of  HONO  Vi  the  H/NO,  ratio  for  a  aeries  of  nitramine 
compounds.  The  ideatities  of  the  compounds  ate  givca  ia 
Ref  .  40 


Fk.  1 1 .  a  plot  tcsembiini  Fi|.  lOin  which  oi^  the  H  atoms 
in  the  CH,  groups  arc  counted  in  deteimining  the  H/NO) 
ratio. 


that  C-H  bond  fusion  has  been  proposed  to  be  rate- 
determining  in  nitramine  decomposition"  **  aiKi  com¬ 
bustion."  H]0  assisu  in  HONO  rormation  in  the 
condensed  phase  "  but  the  pattern  in  Fig.  10  would 
still  need  to  be  accommodated  if  thu  were  the  case. 
Compounds  producing  the  largest  amounts  of 
HONO  are  not  the  ones  expected  to  prodtaoe  the 
largest  amounts  of  H,0  because  of  their  low  oxygen 
content.  Also,  the  four-  and  five-ocntcr  concerted 
reactions  whose  connectivities  are  shovm  below  and 
that  cnvld  be  imporunt  in  the  gas  phase,"  do  not 
appear  to  dominate  in  the  cottdensed  phaM.  if  they 
did,  only  a  -CH)-  fragment  adjacent  to  the  nitramine 
would  be  required  to  produce  HONO.  All  nitramincs 
having  this  linkage  should  produce  the  same  amount 
of  HONO.  which  they  do  not. 


H  I 


M' 


The  most  plausible  expbnalion  for  HONO  forma¬ 
tion  ffi  the  condensed  phase  remains  the  chance 
contact  between  H  and  NO,.  posiiMy  with  H,0  as  a 
catalyst.  In  knepmg  with  thii  notion,  stessc  croanfang 
of  H  and  NO,  groups  ia  a  molecsik  enhannn  the 
iaitinl  HONO  conoentration.*  It  is  interesting  to  note 
thtt  wtMO  the  H/NO,  ratio  it  cakulaled  ttMg  only  the 
H  aiotm  from  secondary  carbon  stoms  (-CH,*).  the 


fit  is  slightly  more  linear  as  shown  in  Fig.  II.  This 
suggesu  that  -CH,-  groups  may  be  somewhat  more 
eflicieitt  H'  sources  than  primary  carbon  atoms 
(-CH,).  Nitramincs  having  ortly  tertiary  carbon 
atoms  (nCH)  art  found  not  to  produce  HONO.*^’ 


5.4.3.  Tcndmcy  lo  form  NfOfx) 

It  IS  not  immediately  obvious  what  governs  the 
N,0/N0.  branching  ratio  (reaction  (16))  during  the 
thermal  decomposition  of  nitramincs  in  the  hetero¬ 
geneous  reaction  slate  at  high  heating  rales.  A  few 
secoisdary  nitramincs  liberate  i  high  amount  of  N,0 
oompnred  to  NO,(HONO)."^“  Conversely,  other 
nilramines  generate  N,0  as  only  a  few  percent  of  the 
loul  gases  hbcraicd."’'  ’’  while  still  others  produce 
no  N,0  at  all  "  * 

From  RSFTIR  work  on  the  thermal  decomposition 
of  a  wide  variety  of  niiraiwncs  in  the  oondcwied  phaae 
where  the  dec^poiition  icmpeealurts  range  from 
I00*C  to  yfXTC.  there  it  rare!)  a  correlation  of  the 
icmpcraiiHe  with  the  N,0/NO,  ratio  fro"!  compound 
lo  compound.  A  notable  exception  lo  (htt  palicni 
caius  when  the  fast  thermolysit  of  HMX  (am  Section 
3  for  ihr  structure)  is  compared  to  that  of  RDX 
('Action  5  3).  HMX  and  ROX  have  Ihe  same  empm- 
cal  formula  and  arc  simply  tclomers  of  .^icthylcnc 
nitrainiac.  CH|~NNO,.  Upon  fast  heating  RDX 
produoa  rckiivciy  more  NO,  than  N,0  initiatty. 
wbwcaa  HMX  produoa  more  N,0  than  NO, 
initially.*  This  diRctenoe  might  be  attribuiod  to  the 
higher  mching  temperature  of  HMX  which  cauto 
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more  of  the  decomposition  chemistry  to  take  place  in 
the  coodenaed  phM  for  HMX  than  is  the  case  for 
RDX  *  Although  the  N,0/N0,  branching  ratio  could 
be  pailly  phase  depen^t,  the  physical  state  of  the 
compound  is  not  likely  to  be  the  sole  determining 
factor.  Temperature  may  play  a  role  for  a  given 
compound.  For  example,  the  N,0/N0]  branching 
ratio  for  the  gas  phase  decomposition  of  RDX  is 
temperature  dependent  and  has  been  said  to  reach 
unity  at  about  37S*C.’*  The  N|0/N0)  ratio  is  found 
to  be  temperature  dependent  when  condensed  phase 
HMX  is  rapidly  healed  (Section  8).  In  general  and 
considering  all  of  the  data  at  hand,  our  studies  suggest 
that  Kveral  reactions  of  nitramines  may  lead  to  N]0 
and  NO]  in  the  condensed  phase  and  that  the  gas 
phase  mechanisms  do  not  necessarily  generaliK  to  the 
condensed  phase  behavior. 

All  of  the  compounds  liberating  N]0  have  in 
common  a  -CHj-  group  straddled  by  two  nitrogen 
atoms  as  shown  by  unit  (17).  This  feature  appears  to 
be  the  only  structural  requirement  for  N^O  formation 
by  a  secondary  nilramine. 


0,N\ 


(17) 


Three  secondary  nitramines  that  liberate  virtually 
all  of  thar  nilramine  nitrogen  atoms  as  N,0  are 
AZTC,*  DPT’  and  DATH  *  The  N-N  bond  dis- 
taiwes  in  these  compounds  (l.)S5-t.375A)  suggest 
that  NO]  and  NjO  should  be  competitive  thermolysis 
products'^"  based  on  the  obacrvaiioiu  in  Section 
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5  4  I  PATH  prodwoes  ihis  result  at  icmperatwrcs 
ikghily  above  its  decompowtioa  pomt.  but  N,0 
dominalcs  around  the  decomposition  point  Why 
ihcsc  moiecuW  prodirt  blllc  or  no  NO;  (shliough 
DATH  prodjcet  NO;  at  high  tcmperaiure)  empha- 
tires  the  importanoe  of  reahang  iKal  the  bstanre 
among  the  multiple  decomposition  pathways  it  easily 
ihiAcd  in  mirammes  by  the  Icmperaiurt  oondiiKMit 
and  structure  Both  DATH  and  AZTC  produce  HN, 
(and  no  doubt  N,)  mttially  Thua.  the  aade  group 
begins  the  thermolym  reaction  By  other  radval  or 
dectron  pair  migratwn.  the  backbone  tends  lo  depoly- 
werue  in  preference  to  N-N  bond  homolym  During 

>ft<*  I*  1  • 


the  depolymenzation  prooeu,  oxygen  is  obviously 
transferred,  but  the  data  do  not  indicate  how.  Posai- 
bly  the  same  type  of  reaction  in  DPT  is  initialed  by  the 
homolysis  of  a  C-N  bond  in  the  -CH]-  bridging  the 
non-nitraied  amine  atoms. 


5.4.4.  Tendmcy  to  form  CHiOig) 

Formaldehyde  is  an  important  fuel  in  the  primary 
flame  of  nitramines.  Having  just  introduced  the  fact 
that  a  -CH,-  group  straddled  by  two  nitrogen  aiociu 
(unit  ( 1 7))  appears  lo  be  important,  if  not  required,  to 
produce  NjO  from  a  pure  secondary  nilramine 
compound,  a  logical  implicalion  is  that  the  transfer  of 
an  oxygen  atom  from  (he  NNO,  group,  perhaps  lo  (he 
adjacent  -CH,-  group,  liberates  CHjO  along  with 
N,0  H  .  H*.  OH',  or  H,0  could  assist  in  lowering 
the  barrKr  to  (his  transfer  reaction.  While  DPT, 
AZTC  and  OATH  do  indeed  have  thu  unit  and 
Hberate  a  large  amount  of  CH]0  along  with  N,0, 
several  compounds  do  not  follow  this  simple  pattern 
with  respect  to  CH,0  formation.  DNNC,”  DNCP 
and  most  bicyclonitramincs*  have  unit  (17)  but 
liberate  no  CHjO  DNNC  also  has  a  gem-diniiro- 
methyl  group  (a  carbon  atom  with  two  NO,  groups 
attached)  whose  thermolysis  appears  to  initiate  (he 
decomposition  ”  The  nng  nuy  open  before  the  nilra¬ 
mine  group  has  had  a  chance  (o  react  The  bicyclo- 
nitraminesare  liiong  HONO  generators.  Lou  of  NO, 
and  the  removal  of  an  excessive  number  of  H  atoms 
in  the  early  reaction  sequences  could  interfere  with  ike 
tendency  to  form  CH,0. 

0/1  NO, 

O/r  NO, 

(ONNC) 

in  facs.  th..  long  held  noiion  that  01,0  and  N.O 
form  from  a  coupled  process  in  the  condettsod  phase 
docompoHtion  of  niiramincs  should  be  taken  with 
MmccauiMMi  Recent  work  on  HMX  uung  fast -beat - 
and-boid  tbrnnolyus  techniques  coupled  wnki  FTIR 
dsignoUKs  in  Section  k.”  and  aunuhaBcout  ibermo- 
gravientiry  coupled  with  moduiaicd  beam  mass  tpxc- 
troenelfy*  reveal  ibai  NjO  (and  NO.”)  reach  the  gas 
phase  disiMirily  ahead  of  01.0  and  MOI  ('H;0  is 
retained  m  Ibr  condensed  phase  by  ils  re-arlion  with 
waiet  '*  Figu'c  17  shosrs  ihr  gat  sequencing  from 
HMX  under  lunhermai  condiKons  following  taped 
healing  At  the  temperatures  card  N.O  and  C'H.O 
stiould  appear  m  the  IR  beam  tmuhancoutlv  if  lbc~y 
are  besnf  relcaicd  in  the  condensed  phase  fram  ihc 
umc  reaction  at  the  same  raic  The  ddtcrence  m  ibesr 
lunc  of  dcsnction  suggests  a  somewhat  more  complrt 
reaction  scheme  than  a  wmple  otygtn  transfer  procru 
It  Ukmg  place  under  these  eipcnmental  conditions 


I 


NO, 

(ONCP) 


104 


T.i. 


S 

< 

i 


im  (SCO 


Fm  12  Tkc  sm  pradtictt  friMi  HMX  r  ci  riag  iiil  «■  Urn 

dtffcwM  votufc  oomtoCL^  Ike  «f  tkc 

■ic  ekwnary  of  Km  loaplt  TV  wm  iMMoi  at 

2OS0nCVMc  M  29rC  and  ImU  dm  aMi  fk 

predacu  (SactMa  S)  Mata^  (a^nai  «ai^  Mbeboai)  ia 
okwrow*  m  Uw  nubal  laae.  TV 

oMkena  (Vwaaafd  VtaOioa)  aocMi  aAar  Cmt. 


S.4.3.  Orkrr  ifaJbi «ar/fonr  na^foiaiA 

Sianihr  leu  citcmi«c  Madia  of  MiacMMC- 
ImIPV  htUi  COS^Sdl^  CM 

priaify  akrttniaa,*  waul  iMrsaiv  aakt.**  ak- 
pkatk  C-NO]  cowpoiMda.**-’^'**  aM/sic  cawn.**  aii- 
(kMBatkyi  oowpowidSii*^  aflcrlkwwoaMaw  kimia 

^  V,  n  W - - - a  .  a  •t.M 

MKAk  BUOrOCMVlfOCMCtays  CSIOfOVHMfl^ 

mtikjri*  and  tndodiiMttwMctkyl  oom^wMadii.'  aiUn- 
aawinct,''  fitraiaaa.**''*  faroaaat,*  aMtywBi>** 
aMNuda.*'  Mtrmaotaa,"^  and  triaaoia>“*  and  tnaial 
CTwapteiM  of  fttnuaac*'  and  diaiaiao|tyeaiaaw  **  An 
laUfiaiiaf  rsnh  ariawad  fraw  ikaaa  itndia  ia  tka 
otarvaiKMi  (hat  (kc  undcacy  far  akytMaMnaaw 
aMratc  aha  to  rdeaat  HNO,(s)  (oAcn  dai  pisaaat) 
oaidant  la  (kr  iana  of  aa  attykawaaonanw  aMraa 
aii)MptiafaMthennotyaatnii»n(obcaMa(rohadky 
(hr  hnncity  of  tka  paesM  ahylaannc.**  "  HNOi((} 
fonna  ky  proton  iraaafrr  foWoaao  by  daaarpuon.  As 
■konn  a  Fif  I).  (ha  paa  pkaic  haiifity  (proton 
aAarty)  of  (hr  paitv  ahydanhwa  junaktu  mdi  Ika 
krMdatataodpaaprodnaafrowfamhrranlywoftka 
ahyfaaaaoajtifn  aarata  aah  Aathtba  -vyweranaaa. 
(hr  proton  traaftr  roaOwn  Nn4i^  to  MNOt  a  laa 
(a«ot«d  and  HN(H(g)  n  noi  raVanad  laataad.  dtr 
NO,  «  intaawd  a  dn  canduaad  phnat  nhaaa  M 
rcacta  and  foran  ratrapan  euda  and  ntksr  radoa 
prodneta  It  s  atao  nNaaewf  to  noia  dot  (ha  paa 
piwdnaa  froaa  kydmayVnawtnant  wiratr  (HAM) 
«pptn(  vO  oociBait  m  oanGoMratan  ohan  HAN  a 
koMdai  IhrOitcat  >  iOSpnof  Ar” 

3  3  Thf  ttri^  Orrtm^mmtmt  Fn.dnrf  Omm  m 
Cmmdmmhmm  Wadrdav 

Aa  oiporuat  apphnatiaa  of  lha  paa  pm  inti  data 
2roaa  (a«  (kewanl)w  n  M  oonma  Ika  aompooMaon 
and  sMncinra  of  Mk  osndaaatd  plwar  in  d.a  tame 
annr  ckarananttna  For  aaaniple.  w  Ika  oaat  of  oAyl- 


niuaic  taka.  fiH  ihcnnotyaH 
Ihm  the  cariicM  loaw  aoac  dionld  bet 
tfw  NKtioo  of  HNO,  and  NH,.  TiMir 
ilraaihr  indMCiwa  (he  bum  rate.** 

The  gas  prodaet  raiioa  aiorrtained  from  fntt  iher- 
woljnie  eapenwenti  are  a  guide  (o  the  choice  of 
irnnaaii  in  a  taaac  owdcl  of  a  prepeXant  (hat  iaoor- 
poratta  deuded  chewiMry  .*  While  it  would  be  uarc- 
aliaiic  to  eapset  (hal  (here  n  a  perfect  match  banuca 


the  peepnmion  anne  of  Ftp  I  duongcowbuition.  (he 
data  provide  an  eapaiiwentaXy  based  Marling  poini 
for  wodettag  Ike  ttawe  choMHiy  of  a  propeXaiu.  The 
ihemMrfysttdaU  alao  Mgpot  lome  of  the  ipacia  (hat 
aaipha  be  catalyaed  (o  aflect  (he  bora  rau  * 

Another  dweci  apphcation  of  (be  gat  product  dau 
from  CaM  (hennotyMt  uudao  it  to  understand  (be 
cflact  of  addMiva  on  (be  bum  rate  of  a  propetttnt 
For  inttafice.  dwauaofutaian  (OAF),  disminogly- 
aaiwt  (DAG)  and  dicyiadtiwide  (DCO)  arc  aB 
known  lo  maid  (kc  bunt  rale  of  anuaoniuiB  per- 
chtoraie-baaad  conipoaMc  propeBaat.'’**  Fan  (ber- 
auttym/FTIR  Mudto  of  ikeae  awiciialt’*  ttvcal  (kai 
tke  cyclic  tnnw  aaloa  and  awhiwaf  are  high  tew- 
perMutcHttabh-  -c^d  predaett  (kai  forw  among  the 
dacBwpoiilii  n  gaaca  Reaettom  (12)  and  (17)  ikow 
(he  products.  The  pretence  of  NH4C)0,  was  not 
found  to  aftect  the  lendeacy  of  DAG.  OAF.  and 
DCD  to  form  cyckc  anna  For  rtampir.  wclawwnr  n 
obaervud  along  with  deooropoatoon  products  nf 
NH«CK>,  when  iiMunatr  pkytacai  nusturcs  of 
NH,C)0,  and  DCO  are  npidhr  hmtad  ai  pretsum 
above  JOOpii  Ar  Thn  beotnor  wouk  bcrapectcdio 
ooMrtbutc  »o  oombuanon  atoddkinow  of  contpontr 
prepellantt  On  (he  bumi^  turf  ace  of  the  propeBaat. 
aontc  of  the  DCD.  DAG.  and  OAF  ihennaJijci  t<> 
Ihcraaaiy  Mabh  cychc  acnet  hamui  a  coanpnrauveh 
high  moiaular  weight  Htfoo  it  reported  to  bt  tVr- 
wnRy  liable  «p  ic  7*7X.  wtneb  approachci  or 
caoaada  tke  tnrfacc  tewperatwee  bchrmd  to  hr  preanu 
•  AFfM  t  i  ii  L,L  npnula  prcpcBanit.*  Mdamnw  anf 
wafan  would  br  ctpacMd  to  retard  the  hcM  and  uwh 
tmnrfrr  r»ta»  at  iht  lutfarr  when  cowpared  to  the 
unaaoddM  prepeBatu  Henot.  the  bunt-rate  aal 
pnianm  ctponmi  at  bigk  prenwre  wonid  bt  etfucted 
to  he  tndnoBd  The  idtutAcaiion  of  that  asww 
omdnett  n  aa  riawplr  cf  bow  the  nptrancwul  study 
of  few  thrmial  daiui  pewticn  of  tnaicnah  peo^ilei 
wai^  uno  coaapin  pmocaaa  that  wmedd  not  bt 
uwoovntwd  by  ikmretnni  anatysn  ahwe 


4  nsaKnannt  mosKivevsTM  tnec^aonrom 


U  -in  ahspvf  (as>  iheraKi?yin^''FT1R  ncikadi.  *. 

■I  SMATCH/FTIR  ilw  kn*;  ttwpr^atwrc  and  bcaung 
rale  of  Ike  Hiwewl  were  ruahhthed  by  ipni-weMbag 
a  ihefwwoowple  to  he  Haiaeni  la  thn  way  tic 
indetherwwc  and  caotaenne  e<ewli  of  the  jondeaied 
pAnae  turn  also  he  tracked  wniMtiieouih  wnh  dttcc 
twu  of  tke  gM  ptaduRt  Ftgwte  (I  thovn  a  Mock 
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/Uln*  C**  A<aM  Oesicitj  iKcut/aol) 
- 1 - r  -n — I - TT - - 

IMM  (m  l>Mt  Mm  imm  km 


I)  A  ptM  oflOc 


Mime;  MAN  • 


r.  TMAN  - 


oa  bM  tfcemctyM  aaOcf  llpu  Ar  of  mw 
cy  «f  On  yml  ibytewM  AN  •  MBcaanai 
MkytMMMMMi  Mlnlt.  OMAN  •  OMMthyt- 
aiCfaic;  OCAN  -  OMtkybawKMMMB  Mimt; 


TUAN  - 


Ou^TMi  at  the  xniMUAi  »nlnp  wnabOr  ainmM 
coocral  cwoMi  Mad  ^bf  raoMOiao  4Ik  taaipwataffc. 
Tkt  M  Hi  aoMC  M  (Iw  Maam  aaa  laBMaad  b)r  a  lov 
paa  Alitr.  aad  iIm  tigaai  aaa  aMOhiad  bjr  aboat 
too  a  aab  a  diUcitaiail  aayldMr.  TVt  aaatop  ompi 
wa»  pcoetMad  iWoinii  a  Mrtrabyia  DAS->d  AOcoa- 
mtor  to  a«  tBM>PC.  Tbt  'take  data’  cydt  of  lha 
MiwfcioMww  inofMod  Uk  iMMaag  of  (he  lia«aBM  ao 
ikat  dKra  a  a  dMci  oemlataea  OctaaMi  dte  liaac. 
Maa^TatfcJt  aad  iom<arw|taaa  Foav  haadrad  ana- 
ptfMwn  potmfu  van  oedacoad  la  te  tan  aaroad 
BcaMraracat  tabca  a  aiaflr  AMaaaal  vaa  aped.  A* 
naay  u  IQO  data  peaao/aac  amc  aaai  at  Ibt 
SMATT-H.mK  BKUMtd 

F^ara  H  foe  -"j‘i  . . .  tedrata 

(HJO)  dbtian  a  lafctaaot  idanaai  traaa  (VaaaaM  auk 
ao  aaaifdr  panaai)  a«d  a  «an|da  daenaal  itMr 
(tta«as4  Mtk  1  ai(  of  EDO  rmdy  aad  Oaaly  apaaad 

ddiiaani  uaaa  (aa«odc  Ifaar  Maw  laCaRaat  «faar3 
Mod  of  ika  aadotlaenaa  aad  aaotkaraa  an  caaleal  ai 


lha  aaai^  tkenaa*  uaca.  but  ike  dtUctaaoc  tract 
daariy  ikoan  aa  tadotkna*  paarariiap  aa  caotktm  in 
tka  m>-3S(rC  raa«a  * 

Tkc  taaapcraiaia  a^tun  m  Fif.  15  acedi  to  bt 
uptaiawd  fan  EDO,  bat.  belon  doMf  ao.  it  h  vortk- 
wkilt  to  awMwa  amcfal  aoaren  of  cadotkermt  aad 
aautkmaa  m  Ibt  (ast  hcalii^  caodtiiom  aaed. 
Coaaawa  ortfau  of  aadotktnat  an  atcMaid.  Mbk 
aiaiina  or  rraporattoa.  daforapeantoa  od-paoai. 
aad  aadotharaac  ckaoaKol  nadwM  w  fkt  coadcaaad 
pkaac  Soartn  of  caorkcraH  arc  caothataac  ckamatry 
at  tka  ncaatraifd  pfcatr  aad  klaaitat  'catek  op’.  Eao- 
Aaraoc  (as  pkaac  dmaatry  oMket  a  arykptbtr  ooa- 
tnkaboa  to  tkr  ktawant  watfaratorc  la  tku  caper- 
aaaaM.  rdaaacBi  'caack  up'  anacs  fttm  the  fan  ikai  tkc 
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Fig.  18  The  temperature  trace  and  gas  products  from  a 
46/46/i\  mixture  of  EDD/AN/KN  demonstrating  that  the 
decomposition  of  individual  components  can  be  dis¬ 
tinguished  in  a  mixture. 

observed  at  about  1 10°C,  but  the  first  gas  products  do 
not  appear  until  about  200®C.  These  gases  are  pre¬ 
dominantly  from  the  decomposition  of  AN  by  com¬ 
parison  with  an  authentic  sample.  Note  that  an  endo- 
therm  occurs  during  this  step.  The  second  endotherm 
occurs  at  about  280®C  which  correspe^nds  to  that  of 
pure  EDD.  Finally,  a  third  endothem  at  325®C  cor¬ 
responds  to  that  found  with  pure  AN.  The  decompo¬ 
sition  of  the  mixture  bears  a  Strong  resemblance  to  the 
sum  of  the  endothermic  and  products  of  the  pure 
components. 

7.  THE  EFFECT  OF  PSESSUKC  ON  TOE 
FIBST  OtrECTEO  PBODliCTS 

Pressure  is  such  a  profoundly  important  variable  in 
propellant  and  explosive  applications  that  attempts 
have  been  made  not  only  o  undersu  nd  its  effects,  but 
also  to  use  pressure  ditferences  to  uncover  relation¬ 
ships  beiveen  the  parent  molecular  structure  and 
decomposition,  and  to  probe  physico-chemical  pro¬ 
cesses.  Because  'he  temporal  resolution  of  the  IR 
beem  precludes  observation  of  products  other  than 
the  most  thermally  stable  ones  when  the  pressure  is 
above  1000  psi,  most  studies  of  the  effect  of  static 
pressure  on  Ihermolys's  have  been  conducted  in  the 
1-iOOOpsi  range. 

Two  general  ‘y'^es  of  behavior  emerge  when  the 
relative  pe.c'  'tage  of  the  first  detected  gas  products 
from  many  energetic  compounds  are  plotted  against 
the  applied  Ar  pressure.”  The  first  category,  which 
contains  various  nitramines,  aliphatic  nitro 
compoui  .is  and  nitrate  esters,  displays  a  strong 
pressure  dcpendcr.ce  in  several  or  a!!  of  the  gas 
products.  Cumpmunds  in  this  category  lend  to  release 
highly  reacli'c  gases,  such  as  NOj,  HONO,  and 
CHjO.  in  'h;  lower  pressure  range.  Figure  19  illus¬ 
trates  this  behavior  for  RDX.  In  the  midoie  pressure 
range  of  4ch  200  psi,  a  diffe.ent  set  of  products  domi¬ 
nates.  Thc.>e  products  arc  those  of  intermediate  stab¬ 
ility,  such  NO  and  HCN,  and  result,  in  part,  from 
further  reactions  of  the  gases  that  dommate  at  lower 


Fig.  19.  The  effect  of  the  Ar  pressure  of  the  initially  detected 
gas  products  from  RDX  heated  at  approxinulely  the  same 
rate  at  each  pressure  Note  the  three-z^.iie  behavior  of  the 
dominant  gas  products. 


pressure.  At  pressures  above  200  psi  combustion-like 
products,  CO,  CO,,  HjO  and  (probably)  N,  dominate 
because  of  still  more  extensive  reaction  chemistry. 

The  s>HX)nd  general  category  contains  compounds 
that  produce  gases  exhibiting  only  a  minor  depen¬ 
dence  on  pressure.’'  As  with  the  first  category,  more 
than  one  type  of  energetic  functional  group  is  rep¬ 
resented:  nitramines,  aliphatic  nitro  compounds,  and 
aridcs.  Thus,  the  behavior  of  compounds  in  this 
category  results  from  a  general  process  rather  than  the 
particular  reaction  mechanism  of  a  functional  group. 
Present  are  compounds  that  produce  a  reactive  gas, 
sutu  as  NO,,  but  thi'.t  do  not  also  liberate  another 
product  with  whivli  NO,  can  react.  Also  present  are 
compounds  that  liberate  relatively  unreactive 
products  initially,  such  as  N,  or  N,0,  and  compounds 
in  which  extensive  condensed  phase  chemistry 
appears  to  have  occurred  before  the  gases  reach  the 
IR  beam.  Condensed  ph.ise  chemistry  is  not  especially 
depender  i  on  pressure  in  the  range  used.  Figure  20  for 
nitroguanidine,”  shown  below,  illustrates  the  gas 
composition  dependence  on  pressure  for  this  category 


Fic.  20.  The  effect  of  the  Ar  pressure  on  the  ini'ially  detected 
gas  products  from  nilroguanidine.  Note  Ihe  relative  in¬ 
dependence  of  Ihe  gas  products  on  pressure  in  this  range  in 
contrast  to  Ihe  data  for  RDX  in  Fig.  19. 
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of  compounds. 

H,N 

\ 

C=N-NO, 

/ 

K,N 

The  source  of  the  strong  effect  of  pressure  on  th< 
first  category  of  compounds  has  been  demonstrated 
lo  result  from  the  differetKX  in  the  diffusion  rates  of 
the  gases  (and.  thus,  their  residence  time  with  the 
condensed  phase)  as  a  function  of  the  applied 
pressure.*’  The  gases  must  percolate  through  the  con- 
deased  phase.  As  the  pressure  is  raised,  the  extent  of 
the  heterogeneous  gas  phase/condensed  phase 
reactions  increases  because  the  time  of  percolation 
and  residence  increases.  Ilius,  the  yield  of  increas¬ 
ingly  stable  gas  products  increases  with  pressure.  The 
three-zone  behavior  shown  in  Fig.  19  simply  reflects 
the  natural  progression  in  the  nitrogen  chemistry 
(N02(HONO)  -►  NO  -•  Nj)  and  catbon  chemistry 
(CHjO  -»  CO,  COj)  toward  the  more  thermodyn¬ 
amically  stable  products  at  higher  pressure  and  longer 
residence  time  in  the  reaction  zone.  There  is  no  impli¬ 
cation  of  a  change  in  the  decomposition  mechanism 
as  a  function  of  pressure  for  these  compounds  in  the 
l-!0(X)psi  range,  although  a  change  irv  the  relative 
importance  of  the  various  reaction  branches  may 
result.  It  is  interesting  to  note  that  this  broad  pattern 
of  product  dependence  on  pressure  resembles  the 
theoretica"  ■  derived”  and  experimentally 
measure  '  lua  distribution  of  the  nitramine 
flame  >s  .  .unction  of  distance  from  the  surface. 

The  above  explanation  for  the  source  of  the 
pressure  dependence  of  the  first-detected  gases  implies 
that  initial  pressure  differences  can  be  used  to  advan¬ 
tage.  Recall  that  fast  thermolysis/FTIR  data  mostly 
reflect  condensed  phase  processes.*  In  the  tem¬ 
perature  profiling/FTIR  method,  the  temperature 
deflections  caused  by  the  condensed  phase  processes 
are  measured  simultaneously  with  the  gas  products.' 
Thus,  the  pressure  dependence  of  the  gas  product 
distribution  and  the  temperature  deflection  can  be 
used  to  distinguish  decomposition  processes  involving 
(he  heterogeneous  gas/condensed  phase  from  those 
that  are  solely  associated  with  the  condensed  phase. 
For  example,  the  gas  products  of  alkylammonium 
nitrate  salt  thermolysis  depend  on  pressure. 
Therefore,  heterogeneous  gas/condensed  phase  pro¬ 
cesses  are  important  during  the  fast  thermal 
decomposition.  On  the  other  hand,  the  temperature 
deflections  of  trinilromethyl  compounds  ate  mostly 
caused  by  reactions  of  the  condensed  phase  alone 
without  participation  of  the  gas  products,**  because 
the  deflection  is  independent  of  pressure 

8.  ISOTHFRMAL  DECOMPOStTION  AT  HICH 

TCMPERATURE 

A  variation  on  the  temperature  profiling/FTIR 
technique  described  in  Section  6  is  a  technique  we 


have  labeled  fasl-heat-and-iiold/Fl'IK  or  T-jump/ 
FTIR  St  xtrosc  jpy.'*”  It  permits  isothermal 
dc'otrposiiion  studies  to  be  performed  on  a  thin  slab 
of  sample  about  1:00  ju.n  thick  at  temperatures  up  to 
2(i0°C  above  the  onset  of  the  conventionally  accepted 
iiKrmat  decomposition  temperature.  This  gives  a 
simulation  cf  the  cortditions  that  are  present  in  the 
condensed  p  lasc  ir  the  vicinity  of  the  burning  surface. 
Such  studies  require  iieating  at  a  very  high  rate  (c.g. 
2000*C/seL)  ’  -3  a  high  final  filament  temperature.  T,, 
and  then  careful'y  holding  at  T,  for  some  period  of 
time  while  following  the  cliemistry.  The  chemistry  is 
follo’ved  by  monitoring  the  ncar-surfacc  gas  products 
by  RSFTIR  spectroscopy  throughout  the  heat-and- 
hok)  process.  In  this  way  insight  is  gained  into  the 
induction  chemistry  and  the  thermochemical  pro¬ 
cesses  that  might  take  place  at  a  burning  surface. 

In  experiments  involving  fast  heating  io  a  high 
temperature,  the  efficiency  of  heat  transfer  from  the 
heat  source  to  the  sample  is  important,  as  is  the  ability 
of  the  heater  circuit  to  respond  to  the  endothermic 
and  exothermic  events  taking  place  in  the  sample.  The 
times  of  the  thermal  changes  and  the  spectra  are  then 
matched  to  reveal  the  sequence  of  events  that  take 
place  during  decomposition  at  T,.  Because  much  of 
the  slower  'cooking'  chemistry  is  bypassed  by  rapid 
heating,  the  products  and  their  relative  concen¬ 
trations  indicate  how  the  various  decomposition 
reaction  branches  of  a  compound  depend  on  the 
sample  temperature. 

A  small  thin  filament  on  which  2(X)-300f(g  of 
sample  is  thinly  spread  helps  to  optimize  the  beat 
transfer  and  the  responsiveness  of  (be  filament  tc 
temperature  changes.  A  thermocouple  can  be  used  to 
sense  the  temperature  change.  Such  a  cell  has  been 
described.”  Alternatively,  a  commercial  pyroprobe 
controller  (such  as  manufactured  by  CDS  Instru¬ 
ments)  and  a  platinum  foil  ribbon  filament  can  be 
used  to  give  excellent  heating  control.'"  dT/dr  and  }, 
of  the  Pt  filament  can  be  controlled  independently. 
Furthermore,  the  endothermic  and  exothermic  events 
can  be  sensed  by  observing  the  control  voltage  of  the 
Pt  healer  circuit.  These  facts  were  used  to  develop  the 
fast-heat-and-hold/FTIR  spectroscopy  technique 
shown  in  Fig.  21. 

The  fast-heat-and-hold/FTIR  technique  can  be 
used  to  simulate  time-to-explosion  tests  of  explos¬ 
ives.'"  Hence,  fast  thermolysis/FTIR  is  directly 
extendable  to  the  study  of  the  explosion  hazard 
of  materials.  Engineering  tests,  such  as  Henkin** 
and  onc-diinensional  lime-to-explosion  (ODTX),*' 
measure  'he  timc-io-explosion  as  a  function  of  the 
sample  temper, turc.  As  shown  in  Fig.  22  for  HMX,  a 
simi-ar  measurLment,  the  time-to-exotherm,  i„„,  can 
be  made  with  the  fast-hcat-and-hold  experiment.'"  An 
apparent  activation  energy  can  be  calculated  from 
ln(r„o)  vs  l/r.  In  addition,  however,  the  IR  spectra  of 
the  gas  products  arc  obtained  simultaneously  making 
the  cell  a  spectroscopically  instrumental  thermal 
explosion  test.  Figure  12  showed  (he  relative  percent 
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Fig.  21.  A  sch^rni^ir!.'  design  for  a  ful-heat-and-hold/FTIR  technique  based  on  the  CD.*'  1000  (or  2000) 

pyrofTjbe. 


concenirations  of  (he  gases  t'rom  HMX  measured  in 
this  way.  FirsL  it  is  important  to  note  that  thermal 
decompose -on  gases  apptear  in  advance  of  the 
exotherm  indicating  that  autocatalysis  occurs  to 
achieve  the  exothe.Tn.  Second,  NjO  and  NO,  are  the 
first  detected  gases  and  their  appearance  precedes  the 
appearance  of  CHjO.  The  formation  of  NjO  and 
CHjO  from  HMX  has  frequently  been  consideted  to 
be  a  coupled  process**  (Section  5.4).  Figure  12 
suggests  that  their  formation  is  not  necessarily 
coupled  or  at  least  thai  the  evolution  of  CH)0  and 
HCN  are  retarded  relative  to  NjO  and  NOj.  Thiid, 
the  NjO/NO,  branching  rptio  as  a  function  of  tem¬ 
perature  can  be  calculated  from  the  relative  concen¬ 
trations  of  the  final  gas  products.  Figure  23  shows 
that  the  N]0  channel  is  favored  at  lower  temperature 


while  the  NOj  channel  is  favored  at  higher  tempera¬ 
ture  (reaction  (16)).  The  highest  temperatures  shown 
in  Fig.  23  are  above  those  believed  to  exist  on  a 
burning  surface  of  an  HMX  propellant  and  thus  Fig. 
23  gives  an  indication  of  the  ratio  of  the  gas  product 
concentrations  that  should  be  used  i.t  modeling  the 
early  flame  zone  of  the  propellant  as  a  function  of 
temperature.  Civen  the  complexity  of  the  condensed 
phase  reaaions  under  these  conditions,  the  branching 
ratios  may  be  the  most  that  a  combustion  modeller 
can  expect  to  receive  from  the  experimentalist  at  the 
present  time  regarding  the  nature  of  reactions  in  the 
condensed  phase  during  combustion.  These  data 
might  be  used  to  model  how  the  gas  product  ratios 
are  afliected  by  temperature  fluctuations  during 
combustion. 


T  5  fits  <SQC) 

Fio.  22.  The  tiolhcrms  for  200^g  samples  of  HMX  healed  at  2000'C/sfC  and  held  isolhcrmally  at  a 

predetermined  temperature. 
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Fig.  23.  The  N2O/NO2  ntio  (reaction  (16))  for  isothermal  decomposition  of  HMX  as  a  function  of 

temperature. 


i.  STUDIfS  OF  THE  SUBMlCtOSECONO  HMESCAtf 

An  interesting  frontier  lies  in  the  possibility  of 
directly  studying  the  decomposition  of  energetic 
materials  in  the  condensed  phase.  Such  studies  require 
the  application  of  vert  rapid  infrared  spectroscopy 
t'chnio'  es.  T. .  development  of  time-resolved  infra¬ 
red  spectral  photography  (TRISP)**  affords  the 
opportunity  to  record  5  nsec  snapshots  of  thin  films  of 
energetic  materials  he  'ed  to  I000*C  at  rates  up  to 
lO’^C/sec."  '^RiSP  is  as  sensitive  as  conventional  IR 
(..iorption  spectroscopy  and  the  probe  beam  is  weak 
enough  to  prevent  undesirable  nesting  of  th-^  sataple. 

Figure  7  '  shows  the  experimental  ‘^.rrangement  for 


TRISP  measurements  on  pulsed-laser  heated  thin- 
film  samples.  The  308  nm  output  of  an  XeCl  laser  is 
used  to  pump  two  dye  lasers.  The  output  of  the  broad¬ 
band  dye  laser  is  mildly  focused  into  a  heatpipe  con¬ 
taining  alkali  metal  vapor  (HPI)  to  generate  broad¬ 
band  IR  radiation  having  a  S  nsec  pulse  duration.  The 
IR  beam  is  reflected  off  the  substrate  in  contact  v.Ith 
the  thin  film.  The  IR  beam  containing  the  sample 
absorbance  is  then  focused  on  a  second  heatpipe 
(HP2)  where  it  specially  and  temporally  overlaps  the 
output  of  the  narrow  band  dye  laser.  Four-wave 
mixing  in  this  heatpipe  converts  the  IR  radiation  to 
visible  wavelengths  for  photodetection. 

Figure  25  illustrates  a  result  from  the  study  of  an 


Fig.  24.  The  experimental  design  of  the  TRISP  expei.ment  (used  with  permission). 
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«MVENUM8CR  (cm-l) 

Fig.  2S.  The  NH;  streichini  region  of  TATB  at  three  temperatures  as  measured  by  TRiSP  (used  with 

permission). 


insensitive  energetic  material  triaminotrinitrobenzene 
(TATB)  by  TRISP.'*  Shown  are  the  »,  and  (NHi) 
modes  of  a  2mm  thick  sample  of  TATB.  The  sample 
was  slowly  heated  to  achieve  the  three  temperatures 
shown.  However,  in  principle,  the  sample  could  have 
been  heated  very  rapidly,  llie  broadening  and  shift  to 
lower  frequency  at  higher  temperature  is  indicative  of 
a  weakening  of  the  hydrogen  bonding  and  an  increase 
in  the  lattice  disorder  at  higher  temperature. 

Picosecond  and  femtosecond  IR  studies  of 
reactions  in  the  condensed  phase  of  erte^etk 
materials  may  be  successful  with  the  use  of  a  liquid 
N] -cooled  single  model  CO  laser.**  This  soume  can 
provide  tunable  radiation  in  the  l6(X3-300t)cm'' 
range. 

The  results  of  these  fast  diagnostics  studies  could  be 
quite  exciting  and  useful  for  developing  the  picture  at 
the  reacting  surface  during  combustion.  They  are 
much  more  detiunding  experiments  than  the  fast  ther¬ 
molysis  methods  described  in  this  article  and,  u  a 
result,  will  not  provide  dau  at  the  ume  rate  as  the 
FTIR  technique. 

H.  ma  MKASuiiMENre  or  plamis 

All  of  the  experiments  described  above  involve 
simulations  of  the  condensed  phase  and  surface  pro¬ 
cesses  during  combustion.  As  a  concluding  section  to 
this  article,  it  is  valuable  to  know  that  IR  spec¬ 
troscopy  studies  can  be  cxtetuled  to  study  the  stand¬ 
off  flame  zone  during  combustion  of  the  propellant  or 
a  naaterial  that  resembles  a  propellant. 

Reactive  two-phase  flows.  especiaUy  in  flames,  are 
usually  produced  when  propellant  formulations  bum 
This  is  because  many  solid  rocfci  t  propellants  contain 
fuels,  such  u  Al  or  B,  that  bum  to  the  solid  oxide. 

JVfC*  tSil-C 


Inert  particles,  such  as  ZrC,  arc  sometimes  added  to 
help  dampen  combustion  oscillations.  The  solid  par¬ 
ticle  appear  as  smoke.  A  similar  particle  laden  flow 
can  exist  in  hydrocarbon  and  coal  combustion  where 
the  combustion  gases  might  be  mixed  with  soot,  fly 
ash  and  char. 

In  recent  years  several  technique  have  been  devel¬ 
oped  bated  on  FTIR  emission/transmission  spec¬ 
troscopy  (FTIR  E/T)  that  enable  measurements  to  be 
made  of  particle  and  gas  concentrations  and  tempera¬ 
ture  in  hot  flows. '•■'**  Specifically,  (I)  the  tempera¬ 
ture  and  concentration  of  the  particle  and  toot  phase 
have  been  measured  separately  in  an  ethylene-air  dif¬ 
fusion  flame;'*'  (2)  measurements  have  been  made  in 
densely  loaded  particle  streams,'*'  and  (3)  particle 
sizes  have  been  measured.'*’  Although  most  measure¬ 
ments  have  been  line-of-sighl.  it  has  beeti  recently 
shown  that  Fourier  image  reconstruction  can  be  used 
to  obtain  absorbance  and  cmittancc  spectra  spacially 
resolved  in  about  I  x  I  x  4mm  volumes.'** 

The  FTIR  E/T  method  offers  promise  for  studying 
propellani  flames  in  which  the  number  of  scattering 
particles  is  not  unusually  large.  However,  an 
additional  experimenul  complication  to  propellant 
combustion  studies  is  that  the  surface  bums  ss  a 
regressing  front.  Therefore,  a  moving  suge  is  needed 
to  maintain  the  position  of  the  propellani  flame 
relative  to  the  I R  beam.  This  requirement  contrasts 
with  the  simpler  flow  reactor  designs  that  can  be  used 
to  study  premixed  gat  flames  and  coal  particle  gas 
flames.  Recently,  FTIR  emiuion  spectra  have  been 
recorded  on  flames  of  ammonium  perchlorate  and 
HTFB.'*’  A  moving  suge  with  servo  feedback  control 
was  used  to  maintain  the  position  of  the  propdlart  in 
the  IR  beam.  Figure  26  shows  the  IR  emission 
spectrum  of  the  gas  products  TO,,  CO,  H]0,  HO 
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Fig.  26.  Sixleen  co-edded  emuMon  IR  plectra  of  the  AP-HTPB  Ihme  zone  assuming  a  temperature  of 

I500K  (used  with  permission). 


and  fregmeots  of  HTPB  are  detected.  In  addition, 
NH]  and  HCK)^  twere  also  detected  indicating  that 
AP  sublimes  to  some  extent  under  combustion 
conditions. 

Fl'IR  spectroscopy  has  been  used  to  obtain  high 
resolution  absorption  spectra  of  the  major  steady- 
state  species  in  premixed  CjNi-NO]***  and  HCN- 
burner  flames.  Reactions  involving  these  gases 
are  believed  to  be  among  the  mote  impottant  ones  in 
certain  rocket  and  gun  propellant  flames  produced  by 
nitrsmines  (see  Section  5).  The  high  temperature  of 
these  flames  required  modifications  to  be  nude  to  the 
IR  spectrometer.  For  example,  lemperaluic  gradients 
in  various  parts  of  the  optical  bench  were  caused  by 
the  flame  and  led  to  an  interfetenoe  pattern  superim¬ 
posed  on  the  spectrum  (channel  spectra).  Plane 
windows  were,  therefore,  repiaoed  by  wedge  windows 
to  reduce  this  problem.  The  high  infrared  amissivity  of 
the  flame  requited  the  use  of  a  ioof-paai  IR  filter  and 
a  high  intensity  globar  to  obtain  quality  spectra.  With 
these  modificatkms  detailed  state  have  been  nude 
G  'be  species  conoealralioo  profiles  and  temperature 
u  a  function  of  dielanoe  above  the  burner  surface. 
The  temperature  was  extracted  from  the  rotatiorul 
bond  inteniitiea  of  00  in  various  parts  of  the  flame. 
When  coupled  with  simultlioas  of  the  kiactica,  it 
could  be  ccncluded  that  the  flame  chemistry  is  domi¬ 
nated  by  oxygen  atoms.**'  The  productioo  of  oxygen 
atoms  increases  (he  bum  rale  while  (heir  oonsumption 
decreases  the  bum  rate. 

In  pUoe  of  the  FTIR  spectrometer,  a  tunable 
infrared  laser  source  might  he  used  to  study  species  in 
bomogeneout  fletnei  on  a  much  shorter  time 
scale.***'"*  The  reaotulion  and  apoctral  detail  arc  lost 
at  high  pressure  and  temperature  to  the  tunable 


infrared  laser  may  be  most  suited  to  low  pressure  and 
lou  temperature  flames. 

II.  SUMMARY 

The  objective  of  much  of  the  research  into  the 
combustion  of  rocket  propellants  and  the  explosion  of 
energetic  materials  is  to  gain  control  of  the  process.  At 
the  same  time  there  is  a  strong  need  to  devdop  predic¬ 
tive  models  that  enable  at  least  some  of  the  expensive 
full-scale  tests  in  this  field  to  be  avoided.  Achievement 
of  both  of  these  goals  requires  a  detailed  knowtedge  of 
the  chemistry  and  physics  as  input  to  the  models.  In 
addition  to  providing  input  to  flame  models,  and 
undersunding  of  catalysis  and  bum  rale  modification 
as  deacribed  in  this  article,  fast  thcrmolysia/FnR  can 
be  applied  to  other  important  problems.  For  instance, 
we  know  that  the  combustion  characteristics  of  ■ 
propellant  are  influenced  by  its  initial  temperature 
(Icmpereturc  sensitivity).  We  now  can  eaamine  the 
chemical  cflects  of  Icmpeniure  sensitivity.  We  can 
move  into  the  area  of  oorabustion  insubility.  Presaure 
oacillatioot  bought  on  by  insubility  cause  tempera¬ 
ture  oadllationt  near  (he  burning  surface,  lienoe  the 
fue)-4>xiduer  ratios  can  oicilUie  which  aflects  (he 
subilily  of  the  flame.  We  can  examine  the  chemical 
osesUationa  during  combustioo  t/  the  use  of  fast 
thcrmolyiu  techniques.  Deuib  of  these  kinds  of 
problems  arc  calremely  difficult  to  ohuin  and  I  hope 
that  I  have  oMiveyed  that  cxpenincnul  simulations 
arc  moving  toward  some  of  the  required  information. 

4ftwii»<iidHiiwwu— la  piaiag  iht  aadsrilaiiiiim  of 
towhavtioa  ia  Um  artteb.  Uw  laiarial  aapport  of  the  Air 
Faroe  (Mee  of  Scientifie  Rewatch,  the  Army  Rcaeatoh 
Ofike.  the  Air  Forte  Afiaamrat  Laboratory  aik  Thiokoi 
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Corporaiion  is  moat  appradated.  The  hard  work  and  ooairi- 
bttiiona  of  my  fradnale  Mudent  and  poM-doe<otal 
ooworken,  whoae  aamea  apfiear  in  (he  refaenoea,  made 
(IwM  advanoet  poaiihle. 
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Condensed  phase  chemistry  of  explosives  and 
propellants  at  high  temperature:  HMX,  RDX 

and  BAMO 


I 


By  T.  B.  Brill  and  P.  J.  Brush 

Depariment  of  Chemistry,  UnitersUy  of  Detavnre,  Newark,  Delaware  19716,  U.S^. 

By  studying  the  behaviour  of  a  thin  film  of  an  explosive  or  propellant  it  is  possible 
to  produce  a  snapshot  of  the  surface  reaction  zone  that  exists  during  combustion  of 
such  explosives  as  cyclotrimethylcne  trinitraminc  (RDX)  and  cyclotetramethylenc 
tetranitraminc  (HMX).  Rapid  heating  (2000  K  s"')  and  fast  monitoring  of  the  mass 
and  heat-balance  arc  performed  simultaneously  with  fast  Fourier  transform  infrared 
spectroscopic  analysis  of  gaseous  products. 

Initially,  HMX  and  RDX  yield  mainly  N,0  at  low  temperatures  or  NO*  at  higher 
temperatures;  the  former  is  quickly  followed  by  CH,0  and  the  latter  by  HCN ;  these 
species  are  formed  from  the  primary  residue.  These  concurrent  pathways  compensate 
for  one  another  thcrmochcmically  to  make  this  a  roughly  thcrmoneutral  ‘initial’ 
stage.  Subsequently,  a  highly  exothermic  reaction  between  CH,0  and  NO,  leads  to 
CO,  NO  and  11,0  and  constitutes  the  main  source  of  heat  for  the  condensed  phase. 

The  azide  polymer  bis(azedomethyl)oxetane  has  also  been  studied  as  a  prototype 
of  rather  different  behaviour.  For  it,  ratios  of  gaseous  products  are  not  very 
dependent  on  temperature  in  the  range  275  to  390  °C. 


1.  Introduction 

As  physical  details  are  developed  about  the  initiation  and  ignition  of  propellants  and 
explosives,  determination  of  the  chemical  processes  under  conditions  of  high  heating 
rates,  temperatures,  and  pressures  is  increasingly  needed.  Unfortunately,  ignition 
and  initiation  of  bulk  solids  involve  heterogeneous  phases  at  high  pressure  and 
temperature  under  dynamic,  non-equilibrium  conditions.  The  chemical  details  are 
very  difficult  to  extract.  Hence,  the  experimentalist  is  challenged  to  develop 
microscale  methods  that  incorporate  relevant  conditions,  but  enable  direct  chemical 
studies  to  be  made.  The  most  convincing  indication  of  a  successful  simulation  is  the 
reproduction  of  some  key  observable  of  a  macroscale  engineering  test  by  the 
microscale  experiment.  In  this  way  microscale  chemical  details  can  be  learned  about 
macroscale  phenomena. 

The  quest  for  relevant  experimental  simulations  has  been  a  motivation  of  our 
laboratory.  A  breakthrough  was  recently  made  (Chen  &  Brill  1991a,  b,  c)  with  the 
smatch/ftir  (simultaneous  mass  and  temperature  change/Fourier  transform 
infrared  spectroscopy)  method.  The  kinetics  of  fast  weight  loss  of  a  thin  film  of 
material  measured  by  this  method  predicted  the  linear  burn  rate  of  the  bulk  material 
measured  at  the  same  temperature  and  pressure.  Hence,  smatch/ftir  is  a  microscale 
laboratory  simulation  of  the  surface  reaction  zone  of  a  burning  material.  The  near- 
surface  gas  products  are  quenched  and  analysed  in  near  real-time  by  rapid-scan  ir 
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Table  I.  Compnrmm,  of  caleulaltd  and  meniiurtd  burn  ralm  (nun  s'*) 


compound 

SMATCii/rriR 

cuiiibuBtion 

inca.Burement 

NC 

0.3 

0.4 

GAP 

1.35 

1.7 

RDX 

0.27 

0.3 

HTPB 

0.21 

0.10 

spectroscopy.  These  gas  products  are  the  main  reactants  in  the  first  stage  of  the  fiamc 
zone  were  a  flame  to  be  present.  These  earliest  reactants  have  resisted  identification 
during  actual  combustion.  Equally  important  is  the  discovery  that  the  products 
identified  by  smatch/ftir  closely  resemble  those  measured  with  our  filament 
thermolysis  methods  (Oyumi  &  Brill  1985;  Cronin  &  Brill  1987 ;  Brush  &  Brill  1989) 
which  arc  much  easier  to  use.  The  connection  between  smatch/ftir  and  the  filamctit 
pyrolysis  methods  is  the  basis  for  using  fast-thcrmolysis/FTiR  spectroscopy  to 
establish  the  high-temperature  and  high  prcs-siire  decomposition  proces.scs  of  bulk 
explosive  and  propellants  at  burning  surface  tcinjioratures. 

This  paper  describes  the  high  temperature  decomposition  processes  of  cyclo- 
tetramethylene  tctranitraniinc  (HMX),  cyclotri methylene  trinitraminc  (RDX) 
and  bis(azidomethyI)oxetane  polymer  (BAMO)  delcrmincd  by  the  T-jump/FTiR 
method  (Brill  el  al.  1992).  However,  as  a  backdrop,  selected  studies  using 
smatch/ftir  are  presented  to  support  the  premise  that  a  carefully  designed 
laboratory  experiment  can  elucidate  the  chemistiA*  that  leads  to  ignition  and  the 
onset  of  explosion  of  an  energetic  material. 

2.  Connecting  fast  thermolysis  to  combustion 

smatch/ftir  spectroscopy  provides  the  dynamic  weight  loss,  temperature  change, 
and  near-surface  gas  products  when  a  20-60  pm-thick  film  (0.5-1  mg)  of  sample  is 
heated  at  a  chosen  rate  between  100  and  350  ®C  under  I  atmf  of  Ar  (Timken 
el  al.  1990;  Chen  &  Brill  1991a,  6).  Polymers,  such  as  13%  N  nitrocellulose  (Chen  & 
Brill  1991a),  glycidylazide  polymer  (GAP)  (Chen  &  Brill  19916),  urethane  cross- 
linked  hydroxyl-terminated  polybutadicne  (HTPB)  (Chen  &.  Brill  1991c),  and 
crystalline  monopropellants,  such  as  HMX  and  RDX,  have  been  studied.  The 
Arrhenius  parameters  for  the  weight  loss  enable  the  regression  (burn)  rate  of  the  film 
to  be  calculated  from  a  version  of  the  pyrolysis  law.  The  bum  rates  of  these  materials 
have  been  measured  at  or  extrapolated  to  the  same  temperature  and  pressure  as  the 
SMATCH  data.  The  results  are  compared  in  table  1 .  The  remarkable  similarity  of  the 
data  implies  that  smatch/ftir  gives  a  ‘snapshot’  of  the  surface  reaction  zone  as  it 
exists  during  combustion.  The  successful  simulation  of  the  bum  rate  by  a  microscale 
fast  thermolysis  method  is  central  to  confidence  in  the  use  of  these  methods  to 
determine  the  heterogeneous  chemistry  of  combusting  solids. 

The  gas  products  that  evolve  from  the  film  into  the  Ar  atmosphere  are  detected 
and  quantified  3  mm  above  the  surface  by  rapid-scan  fter  spectroscopy.  Because 
they  arc  formed  thermally  at  the  same  rate  and  temperature  as  combustion,  the 
products  closely  relate  to  the  reactants  for  the  first  stage  jf  the  flame  zone. 

It  is  found  that  simply  heating  a  thin  film  of  sample  on  a  filament  at  a  high  rate 
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as  in  smatch/ftir  gives  the  same  product  distribution.  Moreover,  these  simpler 
filament  pyrolysis  methods  ean  be  optimized  to  give  information  about  the  sequence 
and  temperature  and  pressure  dependence  of  the  products.  This  information  helps 
unravel  the  dominant  chemistry  of  heterogeneous  decomposition  of  the  bulk 
material.  The  remainder  of  this  article  describes  results  of  high  tcmjxirature, 
isothermal  decomposition  obtained  from  the  filament  pyrolysis  technique  of  T- 
jump/FTiR  spectroscopy  (Brill  el  cd.  1992). 

3.  The  T-jump/FTiR  method 

During  ignition,  combustion  and  thermal  explosion  of  a  material,  the  temperature 
at  the  reacting  interface  rises  rapidly  to  a  high  temperature.  Hence,  thermal 
decomposition  takes  place  in  a  temperature  range  considerably  above  that  of ‘slow’ 
decomposition  The  gas  product  distribution  can  be  strongly  alTcctcd  by  temperature 
leading  to  an  erroneous  description  if  the  temperature  factor  is  unknown.  To 
establish  the  high-temperature  chemistry,  rapid  heating  conditions  and  appropriate 
high  temperatures  must  be  created  in  a  microscale  experiment  that  also  enables  the 
species  to  be  detected. 

T-jump/FTiR  is  a  variation  of  the  fast  thermolysis/ ftir  method  (Oyumi  &  Brill 
1985).  A  20  pm  thick  Pt  ribbon  filament  supports  a  thin  film  of  material.  Heating 
occurs  at  a  chosen  high  rate  up  to  20000  “C  s”’  to  a  chosen  temperature  (7J).  7}  can 
be  maintained  while  the  decomposition  gases  arc  analysed  by  rapid-scan  ftir 
spectroscopy.  The  high  heating  rate  reduces  the  ‘cooking  ’  chemistry  that  takes  place 
at  a  low  heating  rate.  The  fact  that  7J  is  adjustable  enables  the  products  to  be 
determined  at  selected  temperatures  including  the  expected  burning  surface 
temperature. 

The  Pt  filament  is  an  element  of  a  very  rapidly  responding  and  sensitive  bridge 
circuit.  The  control  voltage  of  the  circuit  linearly  responds  to  the  Pt  resistance  during 
the  programmed  heating  step  and  maintains  a  constant  resistance  once  is  reached. 
The  temperature  of  the  filament  is  calibrated  and  is  determined  by  the  resistance  as 
in  a  Pt  thermometer.  The  control  volUge  increases  or  decreases  very  rapidly  to 
maintain  7J  in  response  to  endothermic  or  exothermic  events  of  the  sample. 
Therefore,  monitoring  the  control  voltage  as  a  function  of  time  uncovers  these 
.sequential  events. 

A  useful  form  of  the  control  voltage  is  the  difference  trace  (voltage  without  sample 
minus  voltage  with  sample  present)  as  shown  in  figure  1  for  200  pg  of  HMX.  After 
heating  at  2000  ®C  s"‘  to  =  298  °C,  an  initial  endotherm  (positive  deflection) 
occurs  in  the  first  second  corresponding  to  melting  and  the  higher  heat  capacity  when 
sample  is  present.  Later  a  sharp  negative  spike  appears  due  to  runaway  exothermic 
decomposition.  A  heating  rate  of  2000  ®C  s“'  is  the  highest  value  that  does  not 
overshoot  7J.  The  thermal  trace  in  figure  1  resembles  a  dsc  thermogram,  but  the  slope 
and  area  cannot  be  quantitated  to  obtain  the  reaction  rate  and  total  heat  as  in  dsc 
because  the  rate  of  heat  transfer  betv/een  the  filament  and  sample  is  not  sufficiently 
fast.  Hence  the  slope  and  area  do  not  solely  reflect  the  chemistry  taking  place. 
Despite  this  unavoidable  heat  transfer  problem,  the  technique  provides  quasi- 
isothcrmal  conditions  at  chosen  temperatures  and  enables  sequential  thermal  events 
and  gas  products  be  detected  at  a  high  rate. 

T-jump/FTiR  has  two  important  uses.  First,  the  time-to-exothenn  (runaway 
reaction,  ignition,  or  explosion)  can  be  determined  as  a  function  of  lcmi)craturc.  Such 
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Figure  1.  The  thermal  response  trace  and  gas  products  from  ‘JSOO  pg  of  HMX  lioated  at  2(H>0  °C  s*' 
to  298  "C  and  then  lield  at  298  "C  under  ->.7  atm  Ar.  a.  %C(),;  + .  %  X.O:  ♦.  %  XO:  O.  %CX): 
X  ,  V,  NO, ;  ▼.  •/.  HOXO ;  o.  %  KCX :  a.  %  H,CO ;  %  H  XCO. 

data  are  important  for  thermal  explosion  studies  and  have  been  acquired  in  other 
ways  such  as  the  Henkin  (1952),  Wenograd  (1901).  and  ODTX  (McGuire  &  Tarver 
1981)  tests.  This  application  is  briefly'  described  in  §4.  Sctx)nd.  the  IR  spectra  recorded 
simultaneously  give  the  ga.s  evolution  sequence  and  relative  product  concentrations. 
These  data  provide  insight  into  the  decomposition  mechanisms  and  show  how  the 
main  reaction  branches  shift  with  temperature. 

4.  High-temperature  chemistry  of  HMX,  RDX  and  BAMO 
(a)  HMX  and  liDX 

Time-to-exotherm  data  at  several  temperatures  for  2tX)  pg  of  HMX  under 
2.7  atm  Ar  are  shown  in  figure  2.  The  siope  yields  the  apparent  activation  energj',  E. 
E  is  the  barrier  to  total  energy  transfer  rather  than  a  particular  molecular  process. 
At  lower  temperatures  E  resembles  the  global  decomposition  E  measured  by  DSC  and 
TOA  suggesting  that  the  chemical  processes  dominate.  At  higher  temperatures,  E  has 
a  small  value  probably  because  a  gas  layer  develops  betwwn  the  sample  and  the 
filament.  Hence,  diffusion  terms  as  well  as  chemistry  contribute  to  E.  An  attempt  is 
underway  to  develop  a  heat-transfer-chemistry  model  for  tins  region. 

High-temperature  chemistry  that  can  be  learned  about  explosives  and  propellants 
is  the  most  powerful  application  of  T-juinp/PTiR  sixictroscopy.  Insight  is  obtained 
from  plots  such  as  figure  1  determined  at  various  temperatures.  Before  describing  the 
chemistry,  we  note  that  no  IR  inactive  products  (0,.  X,.  H,)  arc  shown.  H,0  was  not 
quantified  because  of  its  complicated  rotation-vibration  fine  structure.  The  absolute 
absorbance  of  HXCO  was  estimated  to  be  half-way  between  that  of  CO*  and  X’,0. 
Absorbances  from  evaporated  HMX  are  evident  at  less  than  2.7  atm  and  for  RDX 
at  less  than  4  atm.  The  product  concentrations  in  figure  1  arc  choppy  because  of 
turbulence,  incomplete  mixing,  and  bubble  bursting  as  th<?  products  are  released. 
Smoothing  the  raw  data  (figure  3)  is  helpful.  The  product  concentrations  differ 
somewhat  from  non-isothermal  high-rate  dccomiwsition  (Oyumi  &  Brill  1985; 
Palopoli  k  Brill  1991),  but  the  interpretations  given  before  remain  valid.  The 
isothermal  studies  described  here  define  the  details  more  specifically  over  the 
temperature  range  of  290-390  "C  for  HMX  and  2(k)-375  ®C  for  RDX. 
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tcmpcratuie  (*C) 


Figure  2.  Time-tc-exotherm  for  200  (ig  of  HMX  heated  at  2000  ®C  s'*  under  2.7  atm  Ar. 


Figure  3.  Smoothed  gas  product  profiles  for  HMX  at  298 'XI  (figure  i)  and  392  "Xl. 

Two  global  decomposition  branches  (4.1)  and  (4.2)  occur  for  bulk  RDX  and  HMX 
(Melius  1990).  JiH  for  the  products  4(H0N0  +  HCX)  rather  than  4(NO;  +  HCN  +  H) 
is  given  for  (4.1)  because  a  residue  rather  than  H  +  HCM  forms  when  NO,  is  released. 
In  accordance  with  the  sum  of  the  AH  fur  (4.1)  and  (4.2),  the  control  voltage  trace 
in  figure  1  shows  only  slight  exothermicity 

/^4(HONO  +  HCN)or4(NO,  +  HCN  +  H).  A.W  =  159  kJ  mol-',  (4.1) 

^  \  4(N,0  +  CH,0),  AH  =  -209  kJ  mol'*,  (4.2) 

between  4  and  5.5  s  where  (4.1)  and  (4.2)  dominate.  Thus,  these  reactions  release  little 
energy  in  the  condensed  phase.  The  total  ni  absorbance  of  the  products  accelerates 
from  4  to  6  s  despite  the  constant  heat  flow  from  the  filament,  which  implies  that 
autocatalysis  occurs. 

Reactions  (4.1)  and  (4.2)  imply  that  N,0  and  NO,  should  form  simultaneously 
with  CH,0  and  HCN.  This  is  not  found  at  any  temperature  studied  (c.g.  figure  3). 
Rather,  N,0  and  NO,  appear  before  CH,0  and  HCN,  which  form  from  the  residue 
left  by  elimination  of  N,0  and  NO,.  Behrens  (1990)  found  that  N,0  forms  faster  than 
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riipifT  4.  The  tempmUutv  drt*ncfencc  of  (4  1)  •nd  (4.2)  rnaction  broncttn  m  mroaunsti  by  ihc 
N,0/NU|  ralio  fof  HMX  (a.  miliol.  m.  finaJ)  u*d  RDX  (  4- ) 


CH,0  in  «lo«r  bcntini;  cx|ierimenU  on  HMX.  The  rcsidur  of  HMX  Hf^mpomtion 
includes  products  like  hydroxyracthylfonesmidc  (HMKA)  atMl  aceUmide  (Oasgmrr 
A  ()*rcn  1974;  Kimura  A  Kubota  1980;  Karpowirx  &  linil  i9H4;  Itehrrm  1990). 
These  pruducria  decompose  leading  to  delay'cd  relcasr  of  ('11,0.  IK.'N  and  HN(X)  by 
(4.3)  and  (4  4)  (Behrem  1990;  Palopoli  A  Bnll  1991). 


H0CH,NHC(O)H 


/'CH,0+ HON +  11,0. 
sCH,0  +  HN('O+»H 


(43) 

(4  4) 


At  298  *(.'  in  figure  3.  the  corioentrations  of  CH,0  and  HCN  in  the  4.5  5.5a  range 
match  those  of  N,0  and  SO,  as  dictated  by  (4  1)  and  (4.2) 

In  the  vicinif'-  of  the  runaway  exotherm,  the  aceondary  reaction  (4.5)  occura  aa 
evidenced  by  thi  fact  that  CH,()  and  NO,  are  conaumed  as  NO.  (X)  and  H,0  form 

5i'H,0  +  7N0,  .  7N0  +  3(X>  +  StX),  +  511,0  (4  5) 

Figure  3  shows  that  mme  NO  than  (X)  forms  in  accordancr  with  (4.5)  Reaction  (4  5) 
IS  highly  exothermic  wrilh  A//  *•  —  13S0  kJ  rnol'*  and.  by  the  large  exotherm  in  ^urr 
I .  It  IS  the  main  aource  of  heat  m  the  heterogeoeoua  condensed  phaar  The  time  d^y 
in  the  occurrence  of  (4  5)  may  stem  fr*m  the  fart  that  the  reaidiie  and  011,0  are 
aulocalalytir  (Behrens  1990.  Balleti  1971).  Hence,  as  the  concentration  of  the 
residue  grows,  the  rale  of  decompoatUon  acceteratra  HONO  forms  as  CH,0  is 
consumed  and  11,0  appears  suggesting  that  H  atoms  are  eapmalfy  free  at  thu  lime 
in  the  reaction  and  combine  with  NO,  by  adeentitioua  contact  (Bnll  A  Oyumi  1986) 
Thear  condustons  also  apply  at  392  *C  (figure  3)  except  that  the  Umracaie  u 
corn  pressed  Hemcr.  the  above  deoowposiUon  pruesm  of  HMX  and  RDX  deaenbea 
the  300  *r  range  ac  well  aa  the  wirface  mart  inn  tone  (350  400  *0  dunng  comimstion 
In  aceordaoew.  Khark^ord  H  ml  (lOW)  found  the  aaiae  kinetic  nolopr  ellieci  with 
MMX  (or  slow  decora ponlicMi  and  combusbon 

The  mam  change  m  the  chcmalrr  of  HMX  and  RDX  at  different  lemperalures  is 
the  branching  fatso  of  (4  i )  and  (4  2)  Figure  4  afiows  the  final  X,0/N0,  concentration 
ratio  for  HMX  and  RDX  and  Ihr  mtial  N,0/N0,  ratm  for  HMX  against 
iemprrature  The  uiitiaJ  N,0/N0,  rafso  w  less  arcuratr  breauar  of  Ibr  low  S/S  ratio 
in  Ihc  ja  aprcHra  (Variv  (4  I)  h  favoured  at  higher  lemprralure.  while  (4  t]  is 
favoured  at  lower  tcmpcralure  At  the  *«rfa»e  irmprcalurv  of  burning  HMX  and 
RDX  (150  400  T*y  (4  I)  snd  (4  2)  are  cnmprlifivr  This  finding  u  in  line  with 
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Figure  5.  The  2<w  products  from  BAMO  at  275  ®C  and  390  “C  sliov'ing  the  temperature 
independence  of  the  decomposition  products. 


microprobe  mass  spectrum  (ms)  data  of  the  gas  ratios  from  burning  HMX  (Fetherolf 
ei  ol.  1992).  For  combustion  modelling  the  final  steady  state  products  shown  in  figure 
3  are  representative  of  the  surface  reactants  for  the  first  stage  of  the  (lame  zone 
during  combustion. 

(6)  BAMO 

The  large  time  and  temperature  dependence  of  the  decomposition  gases  of  HMX 
and  RDX  is  not  found  for  all  energetic  materials.  The  gas  product  concentrations  for 
BAMO  shown  in  figure  5  have  little  time  or  temperature  dependence  between  275 
and  390  “C.  N,  is  released  first  by  the  azide  group,  but  is  not  detected  by  ir 
spectroscopy.  The  products  observed  come  from  the  residual  nitrene,  IICH,N. 
RCHjN  has  tw'o  decomposition  branches  based  on  the  appearance  of  HCN  (retention 
of  C-N  bond!  and  NH,  (cleavage  of  C-N  bond).  The  high  concentration  of  HCN 
indicates  that  (4.6)  is  favoured. 

RCH  N  ^  HCN -h  hydrocarbon  (4.6) 

N  NH, -I- hydrocarbons.  (4.7) 

However,  according  to  figure  5  the  branching  ratio  and  overall  reactions  are 
independent  of  temperature  in  the  range  studied. 


5.  The  effect  of  pressure 

The  pressure  dependence  of  the  final  gas  product  concentrations  from  isothermal 
decomposition  of  HMX  at  300  "C  and  360  "C  was  determined.  Figure  6  gives  the 
J60  data  under  1-27  atm  Ar.  Similar  studies  under  non-isothermal  conditions  arc 
confirmed  by  figure  6  (Oyumi  A.  Brill  1987).  At  1  atm  the  most  reactive  gases  (NO„ 
CH,0  and  HONO)  have  their  highest  residual  concentration.  At  2.7  atm,  NO,  and 
HONO  react  to  a  greater  extent  with  CH,0  yielding  CO  and  NO.  Under  6.7  atm  these 
conversions  are  sufficiently  complete  that  no  NO  is  detected  in  the  timescale  of  the 
experiment.  N,  is  the  main  nitrogen  containing  prmluct.  This  pattern  results  from 
increased  heterogeneous  gas  phasc-condensod  phase  chemistry  at  higher  pressure, 
becai-v>  the  dtffvsion  of  gas  products  away  from  the  filament-sample  zone  is 
suppressed.  The  longer  residence  time  in  this  high  tenijxsrature  zone  advances  the 
iT«ction  scheme.  Henw.  the  global  nitrogen  and  carbon  s.^licmes  of  NO,  -»  NO  -►  N, 
and  CH,0  '♦(X){CO,)  shift  to  the  right  at  higher  pressure.  There  is  no  evidence  of  a 
change  in  the  decomno.-iitioii  mechanism  in  this  pressure  range. 

.■•W  Tn%A  H  Sar  f^md  A  (l‘S«) 
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Figure  6.  The  dependence  on  the  aiatic  Ar  pre^ure  of  the  iiiial  giu  product  mneentrations  from 
HMX  heated  at  2000  "(J a"*  to  360  T’.  See  figure  i  for  key  to  symlKil.s. 
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Discussion 

P.  Gray  {Camijridge  University,  U.K.).  These  novel  techniques  (KTtnit  much  greater 
assurance  about  probable  pathways.  I  would  like  to  suggest  that  although  the  NO, 
and  perhap.s  the  NjO  primary  products,  these  atomic  groupings  being  present  in 
the  reactants,  the  CH,0  and  HCN  follow  them  in  time.  The  exothermic  reaction 
betwee.n  CH^O  and  NO,  goes  back  many  years  and  I  believe  that  it  offers,  via 
MONO,  the  main  route  to  NO 

In  the  BAMO  case  the  mono-  and  di-nitrenes  are  ihe  plausible  precursors  and  these 
species  arc  not  only  notoriously  reactive  but  may  offer  routes  to  reaction-chain 
branching  (autocatalysis).  Interestingly,  that  first  step; 

azide  -» nitrsne  +  nitrogen 

is  not  a  source  of  great  energy.  The  subsequent  reactions  of  the  nitrenes,  however, 
will  release  much  heat. 

S.  A.  KiHLOCH  (RMCS,  Shrivenham,  U.K.).  You  stated  that  the  first  stage  of  the 
decomposition  process  in  these  experiments,  in  which  production  of  NO,  and  N,0  is 
witnessed,  is  thermally  neutral  because  the  two  reaction  patliways  are  thermo¬ 
dynamically  opposite  in  character  and  approximately  cancel  each  other.  You 
later  showed  that  the  dominance  ratio  of  the  two  reaction  pathways  could  vary 
between  approximately  0.6  and  3.5. 1«  the  net  endothermic  or  exothermic  behaviour 
produced  by  this  variation  of  sufficient  magnitude  to  be  reflected  in  the  control 
voltage  signal  ? 

T.  B.  Brill.  The  control  voltage  traces  in  the  first  stage  are,  indeed,  somewhat 
more  exothermic  at  lower  temperature  thr.ii  at  higher  temperature.  However,  the 
differences  are  close  to  the  limit  of  the  .sciisitivitv  of  the  control  voltage  circuit. 
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TnJump/FT“IR  Spectroscopy:  A  New  Entry  into  the 
Rapid,  Isothermal  Pyrolysis  Chemistry  of 
Solids  and  Liquids 

T.  B.  BRILL,*  P.  J.  BRUSH,  K.  J.  JAMES,  J.  E.  SHEPHERD,  and  K.  J.  PFEIFFERf 

Department  of  Chemistry,  University  of  Delaware,  Newark,  Delaware  19716  (T.B.B.,  P.J.B.,  K.J.J.);  Department  of  Mechanical 
Engineering,  Rensselaer  Polytechnic  Institute,  Troy,  New  York  12180-3590  (J.E.S.):  and  CDS  Analytical,  7000  Limestone  Road, 
Oxford,  Pennsylvania  19363  (P.J.P.) 


The  interface  of  a  Pt  filament  pyrolysis  control  noit  and  a  rapid-scan 
FT-IR  spectrometer  is  described  that  enables  the  Ihenaal  decomposition 
of  a  thin  film  of  material  to  be  studied  bothermally  after  heating  at 
2000*C/s.  A  model  of  the  heal  transfer  of  the  Pt  filament  as  a  function 
of  gas  atmosphere  and  pres.snrc  is  developed  to  help  understand  the 
instniment  response.  Ilie  control  voltage  of  the  Pt  filament  b  highly 
sensitive  to  the  thennochemistry  of  the  thin  film  of  sample.  By  simul¬ 
taneously  recording  the  control  voltage  and  the  rapM-scan  IR  spectra  of 
the  near-surface  gas  products,  one  learns  considerable  detail  about 
chemical  mechanisms  relevant  to  combustion  of  a  bulk  malerul.  The 
application  of  T-jump/FT-IR  spectroscopy  b  illustrated  with  rapid 
theinmlysis  data  for  the  energetic  organoadde  polymers  aridomethyl- 
methyloxelane  (AMMO),  bb(aeidotiiethyl)oxetaae  (BAMO),  and  gly- 
cidylazide  polymer  (GAP);  the  cyclic  nitramine,  octahydr»-M4,7‘ 
tetraniiro-l,3,S,^-letraazacine  (HMX);  and  the  nitroaromatic 
l,3,5-trismino-2, 4,6-trinitrobenzene  (TATB). 

Index  Headings:  FT-IR;  Infrared;  Thermal  analysis;  Analytical  meth¬ 
ods;  F.xplosives;  Combustion. 


INTRODUCTION 

Tn  recent  years  the  development  of  fast  thermolysis/ 
PF-IR  spectroscopy  has  enabled  a  material  to  be  pyro- 
lyzed  at  a  heating  rate  exceeding  lOOK^/s,  while  the  gas 
products  are  determined  several  millimeters  above  the 
surface  in  real-time  by  rapid-scan  FT-IR  spectroscopy.' 
Thermochemical  events  in  the  condensed  phase  are  re¬ 
corded  simultaneously  with  the  IR  spectra.  Much  new 
information  about  rapid  thermal  decomposition  mech¬ 
anisms  has  been  gained. 

By  the  use  of  appropriately  designed  cells  and  cir¬ 
cuitry, fast  thermolysis/FT-IR  is  the  rapid-heating 
complement  to  conventional  thermal  analysis  tech¬ 
niques,  such  as  TGA  and  DSC.  Of  course,  the  quanti¬ 
tative  aspects  of  DSC  and  TGA  depend  on  maintaining 
quasi-equilibrium  heat  transfer  that  is  difficult  to  achieve 
at  a  high  heating  rate.  Hence,  fast  thennoiysis/FT-IR  is 
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not  intended  to  be  a  quantitative  analytical  tool.  It  is, 
instead,  intended  to  provide  insight  into  chemical  and 
physical  processes  where  a  high  heating  rate  exists,  as 
during  ignition,  combustion,  or  explosion  of  a  bulk  ma¬ 
terial.  This  chemistry  cannot  be  extracted  by  slowly  heat¬ 
ing  the  material,  because  “cooking”  frequently  leads  to 
side  reactions  and  products  that  have  little  or  no  im¬ 
portance  in  the  combustion  scheme.  The  chemistry  of 
combustion  can  only  be  learned  from  rapid  heating  di¬ 
agnostics. 

The  recently  developed  fast  thermolysis/FT-IR  tech¬ 
nique  of  Simultaneous  Mass  and  Temperature  Change 
(SMATCH)/FT-IR  spectroscopy*  has  clearly  establish^ 
the  connection  between  the  microscale  fast  thermolysis 
approach  and  steady-state  combustion  of  the  bulk  ma¬ 
terial.^’  However,  a  drawback  of  SMATCH/FT-IR  and 
the  other  fast  thermolysis  techniques’-*  is  that  the  sample 
decomposes  under  nonisothermal  conditions.  Despite  this 
complication,  much  information  about  chemical  mech¬ 
anisms  has  been  gained,  such  as  the  relationship  of  the 
parent  molecular  structure  to  the  decomposition  gases,* 
the  effect  of  pressure*  and  atmosphere'*  on  the  gas  prod¬ 
ucts,  and  a  mechanism  of  burn-rate  modification."  It 
would  be  especially  advantageous  to  be  able  to  heat  the 
sample  at  a  chosen  high  rate  to  a  choasn  constant  tem¬ 
perature  so  that  the  decomposition  process  could  be 
studied  under  essentially  isothermal  conditions.  The 
technique  of  T-jump/FT-lR  spectroscopy  has  been  de¬ 
veloped  for  this  purpose  and  is  describe  in  this  paper. 

T-jump/FT-IR  spectroscopy  is  the  interface  of  a  movl- 
tfied,  commerrial,  filament  pyrolysis  control  unit  and  an 
FT-IR  spectrometer.  The  required  control  and  triggering 
circuits  are  discussed.  Although  the  chemical  data  ob¬ 
tained  are  not  especially  difficult  to  interpret,  confidence 
about  the  origin  of  subtle  differences  caused  by  changes 
in  the  experimental  conditions  is  heightened  by  the  fact 
that  the  main  characteristics  of  the  technique  are  repro¬ 
duced  by  a  physical  model  of  the  Pt  filament  and  the 
surrounding  gas.  It  is  found  that  T-jump/FT-IR  provides 
sub-global  thermochemical  and  reaction  mechanism  in¬ 
formation  during  rapid  thermal  decomposition  of  bulk 
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Fig.  1.  A  block  diagram  of  the  T-jump/FT-IR  (pectroscopy  aystem. 
The  Pt  filanient  ia  interted  through  the  cell  wall  aa  ahown. 


materiab  at  high  temperature  in  a  way  that  is  relevant 
to  combustion. 

OVERVIEW  OF  T>IUMP/FT-IR 
SPECTROSCOPY 

A  block  diagram  of  the  T-jump/FT-IR  system  is  shown 
in  Fig.  1.  An  overview  of  its  design  and  operation  is  given 
in  this  section.  Details  of  the  key  features  are  described 
in  the  following  section. 

Independent,  highly  responsive  control  of  the  heating 
rate  (dT/dt  ^  20,000*C/a)  and  final  filament  temperature 
(T/  s  120(K^)  of  a  Pt  ribbon  filament  is  provided  by  a 
CDS  Analytical  1000  or  2000  Pyroprobe  control  unit  The 
circuit  responds  to  the  integrated  resistance  of  the  Pt 
filament  However,  for  a  given  value  of  the  resistance, 
the  temperature  is  nonuniform  along  the  filament  length 


due  to  various  heat  loss  mechanisms  which  depend  on 
the  surrounding  pressure  and  atmosphere.  Aa  a  result  a 
separate  calibration  of  the  temperature  for  a  given  re¬ 
sistance  was  found  to  be  required  for  each  set  of  con¬ 
ditions. 

The  control  voltage  that  is  applied  to  the  filament  to 
achieve  the  desired  heating  rate  and  to  maintain  T,  was 
digitized  and  recorded  with  an  IBM  PC.  The  filtering 
and  amplification  circuit  is  described  along  with  coi!:isid- 
erations  about  the  choice  of  dT/dt  for  I'  jump/Pl 
studies.  If  the  sample  exhibits  an  endotherm  or  exotherm 
while  being  held  at  7),  the  control  voltage  rapidly  in¬ 
creases  or  decreases,  accordingly,  to  maintain  T/.  By  re¬ 
cording  the  control  voltage  under  the  same  conditions 
with  and  without  sample  present,  and  then  subtracting 
the  two  traces,  one  obtains  a  difference  voltage  trace  in 
which  an  endotherm  and  exotherm  correspond  to  a  pos¬ 
itive  and  negative  voltage  deflection,  respectively.  These 
traces  are  illustrated  in  the  next  section. 

The  circuit  is  described  for  simultaneously  triggering 
the  FT-IR  spectrometer  and  the  filament  control  unit. 
When  triggered  together,  the  gas  products  detected  by 
the  IR  spectrometer  can  be  correlated  with  the  endo¬ 
thermic  and  exothermic  events  of  the  sample.  These  gas¬ 
es  are  a  historical  record  to  the  rapid  decomposition 
reactions  that  occur  in  the  condensed  phase.  A  rapid- 
scan  FT-IR  spectrometer  (2:5  scans/s)  is  advantageous 
for  characterizing  vigorously  reacting  materials,  such  as 
explosives  and  propellants.  Slower  scan  rates  are  ac¬ 
ceptable  for  less  vigorously  decomposing  materials. 
T-jump/FT-IR  spectroscopy  is  found  to  provide  suffi¬ 
cient  control  over  the  conditions  to  allow  mechanistic 
detail  to  be  obtained  about  the  chemistry  of  the  con¬ 
densed  phase  during  simulated  combustion  and  explo¬ 
sion  events. 
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Fio.  t.  A  partial  diafram  of  tha  Pt  Uamcnl  oontroi  circuit  of  itw  CDS  1000  or  2000  Pyroproba  control  unit.  TIm  control  voilafa  ia  tapped  at 
tha  output  of  aaipliflar  A3.  Raaiataaeaa  an>  in  kilo  obma. 
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Fig.  3.  The  effect  of  Ar  fas  preteure  in  the  cell  on  the  probe  aet 
temperature  as  determined  by  visual  obaervation  of  the  meltinc  points 
of  standard  samples.  The  dashed  lines  are  calculated  from  the  ther- 
mophysica  model  in  this  paper. 


Fig.  4.  The  effect  of  the  type  of  atmosphere  at  1  atm  in  the  cell  on 
the  probe  set  temperature  as  determined  by  visual  observation  of  the 
meltinK  points  of  standard  samples.  The  dashed  lines  are  calculated 
for  each  gas  from  the  thermophysics  model  described  in  this  paper. 


k 


ti 


INSTRUMENT  DETAILS 

High-rate  decomposition  processes  of  bulk  materials 
are  chemically  and  physically  complex.  An  understand¬ 
ing  of  the  instrument  design  and  physical  details  of 
T-jump/FT-IR  spectroscopy  is  important  in  the  inter¬ 
pretation  of  the  information  obtained. 

Temperature  Control  of  the  Platinnni  Flbuncnt  A  ma¬ 
jor  requirement  of  the  T-jump/FT-IR  method  is  fast, 
sensitive  registration  of  the  heat  flow  to  and  from  the 
sample.  This  was  achieved  by  adapting  the  CDS  Ana¬ 
lytical  1000  or  2000  Pyropro^  control  unit  for  this  ex¬ 
periment  The  control  circuit  for  the  IH  filament  is  shown 
in  Fig.  2. 

The  desired  temperature,  T,,  is  determined  by  the 
overall  resistance  of  the  Pt  filament  The  application  of 
an  electric  current  through  the  filament  causes  PR  heat¬ 
ing  and  subsequent  resistivity  changes.  Control  of  this 
current  provides  fast  and  reasonably  precise  control  of 
the  filament  resistance.  The  overall  resistance  of  the  fil¬ 
ament  is  measured  by  passing  the  heating  current  through 
a  fixed,  temperature -stable  resistance  of  0.1  Q,  prornding 
a  voltage,  V*,  that  is  proportional  to  the  heating  current, 
while  simultaneously  obtaining  the  voltage  drop  across 
the  Pt  filament,  V^.  The  two  voltages  are  scaled  in  am¬ 
plifiers  A1  and  A2,  respectively,  and  then  divided  as  Vfi,'/ 
Vf  in  an  analog  divider.  An  offaet  into  the  V,'  input  of 
the  divider  ensures  that  iU  output  remains  at  0.0  V  srben 
no  current  is  being  applied  to  the  filament 

The  divider  output  voltage  is  closely  related  to  the 
overall  resistance  of  the  filament  This  is  compared  to  a 
voltage  produced  by  a  microprocessor  through  a  digital- 
to-analof  (DA)  converter.  The  difference  between  these 
voltages,  produced  by  amplifier  A3,  feeds  a  set  of  Dar¬ 
lington  connected  uansistors  providing  the  heating  cur¬ 
rent  through  the  filament  Due  to  the  high  gain  of  the 
amplifier  A3,  this  output  votti«e  b  able  to  respond  much 
faster  (<0.l  ms)  than  i.he  chanKteriatic  time  scale  (50- 
100  ms)  of  the  sample  phase  change  or  decomposition. 
Hence,  the  desired  tempersture  ramp  and  T,  are  easily 
maintained.  The  output  voltsge  of  A3  is  that  which  is 
measured  and  termed  the  control  voltage  in  this  paper. 


The  chosen  temperature  ramp,  ATI  At,  is  produced  by 
setting  the  DA  converter  voltage  to  the  appropriate  volt¬ 
ages  over  the  duration  of  the  ramp. 

To  relate  temperature  of  the  Pt  filament  to  its  resis¬ 
tance,  one  derives  the  voltage  produced  by  the  micro¬ 
processor  through  the  DA  converter  from  a  calibration 
curve  stored  in  the  processor  memory.  This  curve  is  de¬ 
signed  to  produce  a  current  through  the  Pt  filament  that 
yields  the  overall  resistance  that  has  been  experimentally 
found  to  correspond  to  a  particular  filament  tempera¬ 
ture.  This  step  includes  accounting  for  the  V,'  offset,  the 
need  for  some  voltage  difference  across  A3  in  order  to 
produce  a  heating  current,  and  the  fact  that  a  temper¬ 
ature  profile  exists  along  the  length  of  the  Pt  filament 
(see  the  later  section,  “Thermal  Characteristics  of  the 
Platinum  Filament")  that  stabilizes  in  several  millisec¬ 
onds,  depending  on  the  temperature  ramp  selected.  The 
internal  calibration  curve  is  designed  for  a  filament  ex¬ 
periencing  a  40  mL/roin  He  gas  Sow  at  3S0*C  and  1  atm. 

In  practice,  the  T-jump/FT-IR  method  is  likely  to  be 
used  with  atmospheres  and  pressures  that  are  different 
from  those  described  above  to  establish  the  internal  cal¬ 
ibration  curve  of  the  instrument.  Therefore,  the  set  tem¬ 
perature  of  the  instrument  and  the  actual  temperature 
at  the  center  of  the  Pt  filament  where  the  sample  rests 
are  not  the  same.  A  straightforward  method  for  deter¬ 
mining  the  actual  temperature  of  the  filament  where  the 
sample  rests  under  various  pressures  and  atmospuerea 
is  to  compare  the  control  unit  set  temperature  to  the 
melting  temperature  of  Aldrich  Chemical  Co.  standards. 
A  mock  IR  pyrolysis  cell,  whose  internal  dimensions 
matched  the  real  IK  cell,  was  constructed  for  this  cali¬ 
bration.  The  pressure  and  atmosphere  in  this  cell  arc 
adjustable  as  desired.  Melting  of  the  sample  was  ob¬ 
served  through  a  Kevlar  window  bolted  onto  a  port  cut 
through  the  top  of  the  cell.  Figure  3  shows  the  effect  of 
the  Ar  pressure  on  the  set  tempersture  of  the  coatrol 
unit  that  is  required  to  melt  a  given  standard  compound. 
This  type  of  calibration  curve  was  used  to  relate  the  set 
temperature  to  the  true  temperature  of  the  filament  where 
the  sample  rests.  Figure  4  shows  the  effect  of  different 
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Fic.  5.  The  filter  end  ampltfier  circuit  for  procceeinf  the  Pt  filament  central  oultafe.  Rasiatancaa  are  in  kilo  ohma  and  capacitancca  are  in 
microfarads. 


noble  gases  at  1  atm  on  the  control  unit  set  temperature. 
The  patterns  in  Pigs.  3  and  4  can  be  understood  by  con¬ 
sidering  the  mechanisms  of  heat  transfer  from  the  Pt 
filament  to  its  surroundings.  Such  an  analysis  is  de¬ 
scribed  in  the  section  on  thermal  characteristics  of  the 
platinum  filament  that  appears  later  in  this  paper. 

The  Control  Voltage.  Extracting  the  control  voltage 
that  heats  the  filament  and  maintairu  the  filament  at 
constant  resistance  at  is  a  valuable  part  of  gaining 
thermochemical  insight  into  the  rapid  decomposition 
process.  The  control  voltage  (that  is.  the  output  of  am¬ 
plifier  A3  in  Fig.  2)  is  a  2.0-3.0  V  signal.  It  was  tapped 
and  processed  by  the  circuit  shown  in  Fig.  5.  With  this 
circuit  the  signsJ  was  first  reduced  to  0.2-0.4  V  by  the 
signal  offset  stage  and  then  low-pass  filtered  at  34  Hz. 
The  output  was  then  amplified  3 1 .25  x  by  a  variable-gain 
amplifier  and  sent  through  one  channel  of  a  Metrabyte 
DAS- 16  AD  converter  board  for  storage  in  the  IBM  rc. 

Figure  6  shows  the  control  voltage  traces  in  the  initial 
0.4  s  of  heating  at  three  rates  to  T.  375*C.  The  circuit 
clearly  controls  the  heat  and  hold  steps  responsibly  at 
2000*C/t,  but  for  5000^/s  and  10,000^/s  then  are  com- 
pliating  factors  in  the  Pt  ribbmi  behavior  until  T,  is 
achieved.  For  this  reason,  a  maximum  heating  rate  of 
2000^!^/$  was  chosen  so  that  the  approach  to  T,  was 
smooth. 

The  control  voltage  responds  rapidly  to  endothermic 
and  exothermic  0*0010  of  the  sample  in  order  to  auintain 
T,.  Figure  7  she  /s  the  control  voltage  trace  with  and 
without  200  reacting  sample  thinly  spread  on  the 

center  of  the  filament  The  decraaise  in  the  control  voltage 
with  time  after  T,  is  reached  in  the  initial  0.2  s  raaulta 
from  the  decreasing  loss  of  heat  to  the  gas  surrounding 
the  filament  as  the  gas  warms.  The  control  voltage  of  the 
filament  with  sample  present  is  higher  (an  eodoCherm) 
at  1-3  s  because  the  sample  mdts,  while  at  10.5  o  an 


exotherm  occurs.  These  events  are  more  prominent  when 
the  sample  trace  is  subtracted  from  the  bare  filup?.nt. 
trace  to  produce  a  difference  trace.  The  difference  trace 
resembles  a  DSC  thermogram,  but  neither  the  areas  nor 
the  slopes  of  the  endotherm  and  exotherm  quantitatively 
reflect  the  global  reaction  rate  or  enthalpy  change,  as  in 
DSC,'*  because  heat  tranafer  between  reacting  sample 
and  the  filament  is  slow  in  comparison  to  the  reaction 
rate. 

T-Jamp/FT-IR  Interface.  The  IR  cell  employed  in 
T-jump/FT-IR  spectroscopy  differs  from  previous 
designs'^  mainly  in  that  the  Pt  filament  is  perpendicxilar 
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Fig.  7.  The  control  volufc  trace  of  Um  bare  Pt  blament  and  the 
filament  with  200  «i(  of  a  reacting  temple  thinly  tpraad  on  the  center. 
The  difference  trace  (sample  trace  minus  bare  filament  trace)  dearly 
reveals  an  ei¥lothcrm  in  the  initial  3 1  followed  by  bubbling  diaruptioot 
in  the  7-9  s  range  and  final  a  strongly  eiothermic  reaction  at  10.5 1. 


to  the  IR  beam  axis  rather  than  parallel  to  it,  as  in  the 
nichrome  ribbon  filament  desi^.*^  The  Pt  filament  forms 
the  end  of  a  removable  Pyroprobe  btdder  that  is  inserted 
and  anchored  to  the  cell  w^l  by  a  Swacelok  coupling. 
The  cell  can  be  purged  and  pressurized  as  desired  in  the 
0.1-25  atm  range.  The  sample  compartment  of  a  Nicolet 
20SXB  FT-IR  spectrometer  was  expanded  to  accept  the 
cell  and  probe  handle. 

Simultaneous  measurement  of  the  gas  products  of  de¬ 


composition  and  the  thermal  trace  required  synchroni- 
ution  of  the  start  time  of  the  Pyroprobe,  control  voltage 
acquisition,  and  IR  spectra  eoUeetkm.  Figure  8  is  a  sche¬ 
matic  diagram  of  the  circuit  that  senses  t^  onset  of  data 
coUection  by  the  20SXB  and  triggers  the  Pyroprobe.  Be¬ 
cause  the  2C3XB  digitizer  pulse  rate  changes  frequency 
when  data  collection  by  the  spectrometer  begins,  thb 
circuit  acts  as  a  frequency  discriminator.  The  circuit  re¬ 
sets  itself  for  low-frequency  signals.  If  a  high-frequency 
signal  corresponding  to  data  collection  is  detected,  the 
circuit  creates  a  4-5  V  pulse  of  about  1  s  in  duration. 
This  pulse  triggers  a  mechanical  relay  in  the  Pyroprobe. 
The  i-s  dwell  time  eliminates  electrical  noise  from  the 
relay.  At  the  end  of  this  dwell  time,  the  filament  fires.  A 
volt^e  marker  from  the  trigger  circuit  and  the  control 
voltage  from  the  filter-amplifier  circuit  (Fig.  5)  are  mul¬ 
tiplexed  to  the  DAS- 16  AD  board.  The  voltage  nuirker 
identifies  the  interferogram  that  coincides  with  the  onset 
of  heating.  The  control  voltage  is  collected  at  the  rate  of 
50  AD  conversions/s  by  a  Lotus  Measure  macro  in  the 
PC.  Shielding  of  all  circuits  ana  connection  cables  re¬ 
duced  extraneous  electrical  interference. 

The  circuit  in  Pig.  8  is  suitable  for  interferometers 
where  a  frequency  change  of  the  digitizer  indicates  data 
acquisition.  For  other  interferometers  (e.g.,  the  Nicolet 
60SX  and  800),  the  height  of  the  digitizer  pulse  changes 
during  data  acquisition.  A  different  trigger  circuit  is  re¬ 
quired  for  these  spectrometers. 

THERMAL  CHARACTERISTICS  OF  THE 
PLATINUM  nLAMENT 

The  Pt  ribbon  filament  serves  as  both  the  heat  source 
and  the  sensor  of  the  temperature  and  thermochemical 
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changes  of  the  sample.  A  heat  transfer  model  described 
below  helps  clarify  many  of  the  observations  about  the 
instrument  response  during  the  development  of  T-jump/ 
PT-IR  spectroscopy. 

Thermal  Analysb.  The  steady-state  calibration  and 
the  transient  response  of  the  Pt  filament  depend  on  the 
transfer  of  energy  from  the  hot  filament  to  ^e  cold  sur¬ 
roundings.  Since  the  ends  of  the  filament  are  cool,  energy 
will  be  transferred  by  conduction  from  the  center  of  the 
filament  towards  the  end.  This  will  produce  a  nonuni¬ 
form  temperature  distribution,  and  the  filament  will  be 
hotter  in  the  center  than  at  the  ends.  The  temperature 
distribution  depends  on  the  competing  effects  of  energy 
loss  due  to  conduction,  convection,  and  thermal  radiation 
and  energy  addition  due  to  Joule  heating  from  the  cur¬ 
rent  passing  through  the  filament. 

Estimates  of  the  order  of  magnitude  of  the  energy  loss 
mechanisms  indicate  that  conduction,  convection,  and 
radiation  must  all  be  treated  simultaneously.  A  reason¬ 
able  model  for  the  temperature  distribution  within  the 
filament  can  be  arrived  at  by  assuming  that  only  axial 
variations  are  present;  that  is,  the  filament  is  so  thin 
( 'i20  ^m)  that  the  temperature  at  any  cross  section  is 
uniform.  Under  this  one-dimensional  assumption,  the 
transient  energy  balance  for  an  axial  element  of  the  fil¬ 
ament  can  be  written  as 

-  W(T‘  -  TJ)  -t-  +  q..  (1) 

The  symbob  are:  T,  temperature  of  the  filament  at  axial 
location  x  and  time  (;  A,  cross-sectional  area  of  the  fil¬ 
ament;  p,  mass  density  of  the  filament;  c,,  specific  heat 
of  the  filament;  k/,  thermal  conductivity  of  the  filament; 
w.  width  of  filament,  h,  natural  convection  coefficient; 
T,.  temperature  of  the  gas  and  the  cell; «,  filament  emis 
sivily;  0.  Stefan-Boltzmann  constant  (5.67  *  10 ‘Wm  * 
K  *);  i,  current  through  the  wire  at  time  (;  p.,  electrical 
resistivity  of  the  filament;  thermal  energy  traruferred 
from  the  sample  into  the  filament  Nominal  values  of 
these  parameters  and  others  required  subsequently  are 
given  in  Table  1  for  a  representative  platinum  filament 
38  ram  long,  2  tnm  wide,  and  6.3  pm  thick. 

This  energy  equation  applies  along  the  length  of  the 
filament  0  <  x  «■  L.  At  the  ends  x  -  0  and  x  -  L.  a 
supplementary  boundary  condition  must  be  applied.  For 
simplicity,  are  have  chosen  to  fix  the  temperature  of  the 
ends  as  ^ing  equal  to  the  ambient  temperature  of  the 
cell. 

Tlx  -  i.  t)  -  T{i  -  0.  r)  -  T,  (2) 

Thu  is  equivalent  to  assuming  that  the  filament  supports 
are  massive  and  that  *heir  thermal  resistance  is  very  low. 
This  simplifing  a»umpuon  is  probably  one  of  the  sources 
of  error  in  the  present  aitalysis.  Hoarevar,  in  order  to 
treat  the  end  ooitdition  properly,  a  mu^n  more  detailed 
model  is  required  The  present  model  permits  the  ther 
mat  behavior  of  the  Pt  filament  to  be  explored  without 
excessive  complexity. 

The  electrical  resistivity  it  a  function  of  temperature 
and  for  the  purpoaes  of  the  present  study  can  be  ap¬ 


TABLE  I.  Panuaswr  raises  at(4  la  lUaawat  Ihenaal  awBel. 


T. 

Gss  and  cell  tenperature 

298.15 

K 

W 

Width  of  heater 

ZO 

mm 

a 

PUtinum  temperatun  ooafficiant 
of  reaistivity 

0.003927 

K  ' 

Platinum  thermal  conductivity 

73.0 

W  M  '  K 

A 

Filament  croaa-iactional  area 

6.3  X  10  ‘ 

m’ 

L 

Length  of  filament 

38.0 

ram 

0/ 

Rafaranca  raaistivity  of  platinum 

1  X  10  ’ 

Q  m 

R. 

Bxtamsl  raaieUnca  of  probe 
circuit 

0.038 

Q 

« 

Bmiaaivity  of  filament 

0.15 

Thannal  diHiMivity  of  platinum 

2.58  X  10  • 

m*s  ' 

P 

Maes  density  of  platinum 

2.145  X  10* 

kf  m  ’ 

Specific  heat  of  platinum 

132.0 

J  kg  '  K 

proximated  with  a  linear  dependence,  where  a  is  the 
temperature  coefficient  and  "P  is  the  reference  temper¬ 
ature  (0^)  of  Pt  resistivity. 

P,  =  p.M  +  a{T  -  P)).  (3) 

The  natural  convection  coefficient  fi  is  a  function  of  the 
temperature  of  the  filament,  the  temperature  and  com 
position  of  the  gas,  and  the  width  of  the  filament.  In 
practice,  the  convection  coefficient  is  computed  from  the 
Nusselt  number  Nu  as 


h 


k,INu 

w 


(4) 


where  k,  is  the  gas  thermal  conductivity.  The  Nusselt 
number  is  usually  expressed  in  terms  of  the  Rayleigh 
number  as  a  correlation  Nu{Ra).  For  long,  flat  ribbons, 
a  correlation”  is 


Nu  =  0.l6Ra“”  +  0.58Ro*».  (5) 


The  Rayleigh  number  is  defined  as 


Ha  - 

ft 


(G) 


where  g  is  acceleration  of  gravity  (9.81  ms  ’);  f)  is  the 
coefficient  of  thermal  expansion,  1/T,  for  an  ideal  gas;  r 
is  the  gas  kinematic  viscoaity,  r  •*  p/p.  where  p  is  the 
al»oiute  viscoaity;  and  <  is  Uw  gas  thermal  dilTusivity.  > 
“  k/pc,.  where  k  is  the  thermal  conductivity.  The  prop 
ertias  0.  r,  and  <  of  the  gas  arc  evaluated  at  sample  tern 
perature  T,  -  (T  4  T,)/2.  The  Rayleigh  number  is  a 
weak  funrtion  of  the  filracnl  temperature,  but  deperids 
strongly  on  the  gas  premurr  P  and  molar  mass  H'  For 
a  given  temperature  and  filament  width,  thr  itayleigh 
number  will  vary  accordittg  to 


Ra  -  P>W 


(7> 


For  an  argon  atinoaphere.  the  Rayleigh  number  is  be 
tween  10  and  20  for  typical  filament  operatiitg  comlilions 
Nmnerkal  Selatiaw.  The  energy  balance  equation  (F^ 
U  IS  solved  numerically  by  the  standard  explicit  finilr 
difference  method.  The  filament  was  dis'ided  into  axial 
demenU  of  Icitglh  Ax.  and  lime  was  divided  into  mere 
menu  A(  The  temperature  was  debited  at  locations  i. 
and  times  (.  to  be 

T/  -  T(x..  t.)  t8» 

and  the  forward  time,  centered  spare  approiimation  U* 
the  derivatives  was  used 


* 


Af 


» 


i 


i 


» 


130 


APPLIED  SPECTROSCOPY  90S 


I  a 


*400.00 

V 

a 

£ 

V 

H  200.00 


0.00  0.20  0.40  O.M  0.00  1.00 

Distance  (x/L) 

Fic.9.  TlMcalculaUdtamperaUMdMtfibutiaa atone UaPtfikotent 
in  an  Ar  tUoooplMrt  at  1  atm  ptaatun.  Tha  toaulU  at  tlwaa  diffarant 
cunaala  aro  akoonn  and  ravaal  tka  larga  and  aCacta  at  kigkar  ta«par- 
atuia. 


^  _  T/*‘  -  T/ 
dt  '  At 


fT  ^  ^  T,.r  -  2r/ 

ax*  (Ax)* 

tuuaJ  tUbility  rwthctkMi  on  the  time  etep 


^  a  k*  •/ 

2(Ax)*  pc, 

resulU  in  a  maximum  time  otep  aim  of  11  ma  if  the  38- 
mm-loaf  filament  ia  tUvided  into  SO  node  potnU. 

Stendy-Strte  Saloriem.  The  eoercy  halanoe  equation 
can  be  iatefrated  until  a  atondy-atate  aotuCion  n  reached 
for  the  caaa  of  no  aample;  i.t..  d.  ”  0.  litis  is  rrievant  to 
the  problem  of  calibratinc  the  probe  mentioned  above. 
For  a  fivMi  current,  the  atandy-aUte  sohition  yietda  the 
tempeaahire  dietiibutioo  alonf  the  filaaenL  St^y  ateta 
was  detenained  by  B»onttorin(  the  temperature  at  sev¬ 
eral  locations  and  deteraaiaing  when  the  time  rets  of 
chanfe  eras  leas  than  10  K/a 
Examples  of  three  aotutioas  for  currents  of  0.SS,  0.90. 
and  1.46  an>perts  are  sboem  in  Pig.  9.  Thaac  aoiutiora 
are  for  an  argon  ataw^there  at  s  pramurv  of  1  atm.  For 
each  esM,  the  spatial  average  temperature  T  of  the  fil 
ament  h  computed  from  the  temperature  distribution 


--  r 

lJ, 


nt)  dx. 


Since  our  aaaumed  remativity-tcfaperatare  relation  is  lin¬ 
ear.  the  total  raaiatanre  A  of  the  filament  is  the  bulk 
resistance  cvalueted  at  the  average  teaspereturc 

«  -  il(T)  -  ^(1  ♦  e(f  -  T*)).  (13) 
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Fk.  to.  Compsriaaii  of  Uw  conpuud  and  waaiuiad  total  klamant 
laaiatane*  aa  a  fiatctina  ot  tk*  midpoint  tamperalurc  of  tka  filanwnL 
An  Ar  atmoapkara  at  I  atm  ptaaaura  «m  uaad. 

As  described  in  previous  sections,  the  control  circuit 
will  maintain  a  constant  value  of  R  or  equivalently  T 
after  the  initial  beat  up  transient.  The  prt^lem  of  caU- 
bration  can  now  be  seen  to  be  the  determination  of  the 
relationship  of  the  average  temperature  Tof  the  filament 
(reflected  1^  R)  to  the  temperature  T.  where  the  sample 
reaU  at  the  axial  midpoint  of  the  filament  x  -  L/Z  T. 
it.  in  effect,  T,  by  our  melting  point  calibratioa  method. 

The  numerical  reaulta  of  our  model  were  compered 
against  calibration  experiments  carried  out  for  this  pur¬ 
pose.  Current,  voltage,  center  temperature,  and  probe 
resistance  were  measured  at  II  probe  settings  corre¬ 
sponding  to  temperature  T,  between  95  and  845'C.  The 
steedy-state  temperature  distribution  was  then  numer¬ 
ically  computed  for  eech  of  these  cases.  The  comparison 
of  R  vs.  T.  betareen  the  data  (points)  and  calculation 
(lint)  is  shown  in  Fi€  10.  There  are  three  perameters 
(R^  R..  and  f)  that  have  been  varied  in  order  to  obtain 
thk  fit  between  dete  end  analysia.  The  para':ictcr  R,  is 
the  cold  filament  reaietaoce,  and  R,  is  the  external  re- 
eiatance  of  the  wiring  and  oonnectioos  between  the  fil¬ 
ament  end  the  control  dreuiL  If  the  cold  probe  reeistance 
it  R,.  then 


The  value  of  R,  can  be  determined  by  extrapolating 
the  data  of  Fig.  10  to  T  “  T,  For  the  exumple  of  Fig 
10.  R,  "  0  33  0  and  R,  0  03  U.  The  value  of  R,  fixes 
the  average  croae-eectronai  area  of  '  )>»  fiUroenf  The  val¬ 
ue  of  external  reaistanoe  is  determined  post  facto  by 
exemining  the  comparison  between  data  and  compute 
tion  and  chooaing  a  value  that  minimites  the  residuak. 
The  valve  of  •  ia  found  by  Inal  and  error  and  by  ex¬ 
amining  the  Ircnda  in  R  aa  a  (unction  of  T..  Since  ihcr 
mel  radiation  k  a  significant  aourcc  of  Inrew  at  the  higber 
temperature,  nuntcncal  toiutiona  will  show  appreciable 
departure  from  agreement  with  the  deta  at  higher  tern 
persture  with  incorrect  values  of  «.  A  value  of  <  0.15 
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WM  found  in  this  fashion.  This  value  is  reasonable  given 
the  surface  condition  of  a  typical  filament 

Without  any  further  adjustment  of  the  model  param¬ 
eters.  the  effect  of  gas  composition  and  pressure  was 
examined.  Steady-state  r  .iutions  for  atmospheres  of  he¬ 
lium  and  xenon  were  calculated,  and  the  mults  are  shown 
in  Pig.  4.  The  calculated  trends  are  the  same  as  observed 
in  the  experiments.  Note  that  the  average  temperature 
is  proportional  to  the  actual  probe  resistance,  which  is 
linearly  proportional  to  the  set  point  temperature.  These 
results  clearly  show  that  it  is  the  nonuniform  tempera¬ 
ture  distribution  and  the  effect  of  the  convection  heat 
transfer  on  this  distribution  that  cause  the  calibration 
to  change  with  the  gas  composition. 

A  simple  explanation  is  possible  for  the  results  of  Fig. 
4.  The  convection  losses  are  greatest  with  helium  and 
lowest  with  xenon  for  a  given  average  temperature.  When 
the  convection  losses  are  larger,  the  temperature  profile 
is  flatter;  i.e.,  the  center  temperature  will  be  lower  for  a 
given  average  temperature.  This  is  exactly  what  is  shown 
by  the  data  and  the  computations.  I'he  principal  reason 
for  this  behavior  that  the  convection  coefficient  is  di¬ 
rectly  proportior>al  to  the  gas  thermal  conductivity  and 
the  gas  thermal  -.onductivity  is  inversely  proportions!  to 
the  square  root  of  the  molar  mass.  -  l/\/W.  Convec¬ 
tion  losses  are  therefore  greatest  in  helium  aiKl  lowest 
in  xenon.  A  secondary  effect  which  slightly  mitigates  the 
thermal  conductivity  effect  is  the  dependence  of  Ray¬ 
leigh  number  on  molar  mass  that  was  discussed  above. 
The  Rayleigh  number  is  actually  largest  for  xenon  and 
snudlest  for  helium  However,  the  dependeiKe  on  the 
Rayleigh  number  is  weak,  arid  the  thermal  coiKluctivity 
effect  dominates. 

The  effect  of  itKrrex<j’'g  the  initial  pressure  it  to  also 
increase  the  convection  coeffictent  The  thermal  con¬ 
ductivity  of  an  ideal  gas  >s  independent  of  temperature 
so  the  effect  is  exclusiveiv  due  to  the  dependence  of 
Rayleigh  number  on  pressure  t  lat  was  mentiorved  earlier. 
Steady-slate  solutions  were  c  mputed  for  argon  atmo¬ 
spheres  of  I.  2.72.  and  13.6  atm  fv^  comparison  with  the 
experimental  data.  "Hie  results  art  shown  in  Fig.  3.  Note 
that  the  trends  are  qualitatively  predi  'ted  uy  the  model. 

Careful  comparison  of  the  numenca.  usodei  with  ex¬ 
periment  indicates  that  there  are  some  problems  with 
our  chcMce  of  constants.  With  the  choices  uaed  in  the 
present  psper.  the  dependence  of  the  midpoint  .emper 
alure  on  gas  composiUon  u  not  as  strong  m  obee<  ved  in 
the  experiments.  Apparently  the  tmisuvily  of  the  hk 
ment  is  not  as  Urge  as  supposed  and  the  convection  ioaaca 
are  higher  than  the  handbook  values  With  some  ad 
)usUnent  of  the  parameters,  the  model  may  be  taore  use 
fui  as  a  quantitative  tool  A  more  careful  treatment  of 
the  end  effects  may  also  be  required 

Trascsiewt  Respaate.  The  transirri  rrspruise  of  prahr 

important  in  understanding  thv  >-t>nlrai  vuliage  changr 
generated  by  sample  phax  c  hange  or  deconir»o*i»«on.  a' 
shoam  in  Fig.  7.  The  difference  voltage  in  Fig.  7  is  pro 
portiona)  to  the  perturbaUon  4(  to  the  AUmenl  current 
prodiKed  by  the  sample 

How  IS  the  perturhalKUi  it  reUled  to  the  Istat  ftui  4. 
into  the  fiUment  from  the  sample'’  In  ger.eral.  Uws  prob 
lem  requires  invcsligaUog  the  boiuUons  to  the  energy 
equaUoR  ( Kq  I  i  together  anlh  a  m-sdel  for  the  control 


circuit  for  small  perturbations  about  the  steady-state 
solution.  This  leads  to  a  linear  partial  differential  equa¬ 
tion  for  the  temperature  perturbation  ST.  However,  the 
solution  to  this  problem  is  simplified  by  the  following 
circumstances: 

(1.)  The  control  system  has  a  very  high  gain,  so  that  the 
probe  resistance  can  be  taken  as  fixed  during  the 
sample  decomposition. 

(2.)  Even  though  the  temperature  distribution  of  the 
filament  is  slightly  altered  by  the  sample,  the  power 
diiaipation  is  essentially  constant  since  the  average 
temperature  remains  the  same.  This  means  that 
power  changes  in  the  filament  are  exclusively  made 
to  compensate  for  the  energy  added  or  removed  by 
the  sample,  so  that  the  net  energy  transfer  rate, 
electrical  and  thermal,  into  the  filament  remains 
constant. 

As  a  consequence,  the  power  input  change  to  the  fil¬ 
ament  due  to  the  sample  energy  flux  Q,  can  be  cuimputed 

as 

(i„  4  -  U’R  <?,  =/<}.dx  (15) 

where  i,  is  the  steady-state  current  and  R  is  the  (fixed) 
filament  resistance.  Expanding  Eq.  IS  for  small  pertur¬ 
bations  in  current  4c  <  i,,  we  obtain  the  approximate 
relation,  Kq.  16: 


Note  that,  as  obierved  in  ktg.  7.  the  current  increases 
for  endothermic  proccncs  Q,  <  0  and  decreases  for  exo¬ 
thermic  processes.  This  very  simple  form.:'a  has  also 
been  obuined  by  carrying  out  the  full  transient  thermal- 
electrical  analysis  and  appiving  the  simplifying  approx  - 
imations  listed  previously. 

Although  thu  result  allows  us  to  interpret  the  origin 
of  the  signal  in  Fig.  7.  the  relation  of  the  (},  to  the  events 
within  the  sample  b  less  strsightfoeward.  There  b  a  ther¬ 
mal  resistance  between  the  sample  and  the  filament  so 
that  the  sample  temperature  n  not  nrreasarily  equal  to 
the  filament  temperature  and  is.  in  general,  unknown. 
The  sample  b  txinsferring  energy  to  the  surrounding  gas 
as  ael!  as  the  filament.  The  sample  can  ahso  evaporate 
and  produce  gaseous  products,  causing  the  mass  to  vary 
with  time.  Thu  means  that  it  b  very  dtlhcuH  to  use  the 
observed  control  votlsge  venations  in  7  to  infer  re- 
sction  rstes  or  enthalpy  changes.  On  the  other  hand, 
there  u  a  weelih  of  r;ew  mechanistK  informalion  about 
combustion/erplaBion  phenomena  that  can  he  estracted 
by  combcaing  tiw  control  voltage  traces  at  varioca  'em- 
pera.  jres  wit  the  IR  spectra  of  the  near-wirfar*  gas 
proctud* 

TJl  MP  FT-IR  DFTfJIMINATlON  OF  CXFMEl'S- 
nON-l  JKF  n  ROLYSIS  rHFMLTTRY 

T  JumpiTT-IR  tpectroacopy  eras  designed  to  eKsci 
date  aome  of  the  micraaropic  details  of  the  rapid  thermal 
decompaattion  mechanbm  of  aniids  and  liquids  For  ex 
ample.  200  ag  of  sample  thin’  spread  m  the  cenlrr  of 
the  Ft  ribbon  filament  and  rapidly  healed  b  s  -ps.'ioacale 
“anapfthQt~  umulatioa  of  a  burning  surface.  '  I'lie  tern 
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porsl  vtriatioa  of  the  reUUve  oonccntratioitt  of  the  (m 
producU  oombiDod  with  the  control  volUfO  d«U  yield* 
morhiiMtic  doUil  about  th*  dmiiictry  of  *  buminf  aur- 
face.  To  provide  additional  variablea,  one  can  aet  the 
atmoaphere  and  preaaure  in  the  cell  a*  deaired.  An  Ar 
atmoephere  waa  employwl  in  moet  of  our  studiea.  A  po*- 
itive  preaaure  up  to  30  atm  minimtxed  evaporation  that 
araa  occaaionally  obaerved  at  1  atm  preeaure.  The  ga* 
product*  were  quantified  by  a  procedure  that  incorpo¬ 
rates  the  abaolute  IR  intenaity  values.'* 

The  three  organoazide  polymers  AMMO.  BAMO,  and 
GAP,  the  cyclic  nitramine  HMX,  and  the  nitroaromatk 
compound.  TATB,  illustrate  a  variety  of  behaviors  of  the 
T-jurap/FT-lR  technique  as  applied  to  determine  the 
chemistry  of  fast  pyrolysis.  Table  11  gives  the  enthalpy 
of  decompoaitioo  determined  by  DSC  for  AMMO.  BAMO. 
and  GAP.*  The  different  AH  v^ues  for  these  compoutKls 
provide  the  opportunity  to  isolate  the  effect  of  the  amount 
of  heat  releeaed  on  the  control  vdlage  for  an  otherwise 
cksaely  related  set  of  compounds.  HMX,  an  important 
eiplosive  and  propellant  material,  was  chosen  bemuse  it 
illustrates  the  large  amount  of  chemical  detail  that  can 
be  extxacud  for  certain  compounds.  TATB  illustrates 
th*  behavior  when  a  compound  ignites  and  bums,  start¬ 
ing  at  several  sites  in  the  sample. 


h|-OCM.-C— CH, 
CM^, 


OH 


I  I 

Mj-OCM,— C -Ot.-tOM 
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In  all  cases  except  TATB.  the  limes  to  exotherm  as  a 
function  of  T,  end  the  gas  produrts  are  quite  reproduc- 
However,  as  aactttianed  above  in  the  section  on  tran- 


fio  «t  T-jtfs/yTtft  dsu  far  200  jq  of  AMMO  polytw  b— tod  st 
to  T,  •  306^  wMtr  2.7  «ua  pmaurr  oT  Ar. 


sient  response,  the  detailed  rate  of  slope  change  and  the 
total  area  of  the  exotherm  arc  not  sufficiently  reproduc¬ 
ible  to  be  taed  to  determine  reaction  rate  or  heat  of 
reaction  as  a  function  of  T,. 

AMMO,  GAP.  and  BAMO.  AMMO  has  the  smallest 
A/f,  j  of  the  three  azide  polymers  in  Table  II.  The 
difference  control  voltage  trace  in  Fig.  1 1  reveals  an  ini¬ 
tial  endotherm  corresponding  to  energy  consumed  by 
liquefaction  and  the  higher  beat  capacity  srhen  sample 
is  preaent  on  the  filament  liquefaction  of  AMMO  b 
sluggbh.  as  indkalcd  by  the  gradual  decrease  in  the  con¬ 
trol  voltage  until  shout  4  s.  At  shout  4  s,  rapid  exothermic 
dscompcaition  b  triggered  by  reaction  17,  which  reinaes 
N,  (IR  insciivs)  end  leaves  the  reactive  nitrene.  Products 
of  the  exothermic  dccacnposition  of  the  nitrene  are  de¬ 
tected  at  the  exotherm. 

RCH^,  •  RCH^  ♦  N,  (17) 

initially,  more  CH,0  b  formed  than  other  products  Not 
shown  in  the  quantified  products  are  ahsorfaatKCS  re¬ 
sulting  from  the  2-methYlaUyl  group  (probably 
(CH^(CH».iCH^^H(*  whi^  simulUneouriy 

with  CH,0.  Bb(2-methylaUyl)smiiw  b  a  recombination 
product  of  the  backbone  fragment  between  the  dashed 
line*  in  the  polymer  uniL 

!  CH,  I 

'  ‘  I 

-O-CH.I'r-CH,-  (18) 

!  t  ! 

CH.N  ' 

A  certain  peremtege  of  the  nitrene  fragments  (Kq.  18) 
also  decompoae  to  tow  motecutar- weight  products  It  b 
interesting  to  note  that  products  of  ('  •  N  bond  retention 
(HCNi  and  C  N  bond  fissinn  (NHJt  form  from  the  ni- 
Irene  in  Uus  process  The  HCN/NH,  ratio  (Fig  12)  in 
creases  from  T,  ^  2#8X;T  to  T,  ^  477'C.  indicsUng  that 
C-N  bond  retention  ■  favored  st  higher  temperature. 
This  ohservstion  is  oonaislent  wtth  the  fact  that  fewer 
sUom  rearrangeoMnU  are  preferred  at  higher  tempeee- 
ture  (a  faster  reaction  rate  and  greater  importarK*  of 
•ntrop; ).  After  the  eiothenn  n  complete,  s  milky  aohd 
residue  rrrsains  oa  the  filament  and  decomposes  to 
CH^  CO.  CO^  and  HCN  when  healed  shove  SOCTC 
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Ptc.  12.  TVtiaiti»ilyd*lKt«dMdfiMlKCM/NH,eoaMaUalMBt«(ie 
froai  AMMO  a*  •  (uwtiea  at  T,  tiMvwc  Um(  Uw  liirnapHilinn 
btucKia;  ratio  of  tM  aitrtno  product  ia  Uaiptratuto  dipmdtat. 


GAP  rttaases  more  he«t  upon  decompociUon  Uun 
AMMO  (Tabic  II).*  Figure  13  tho«m  Uiit  the  gaa  product! 
that  f«mn  at  the  exotherm  are  »tabte.  low-moMcular- 
wtifht  molacules  derived  from  the  polymer  backbooa. 
UoUke  the  caac  for  AMMO,  no  large  moiecuiea  form  upon 
fact  theroaolysia,  probably  became  of  the  higher  heat  of 
decompoaition.  Ax  with  AMMO,  the  HCN/NH}  ratio  in- 
rrienii  with  temperature  for  T,  in  the  270-370^  range. 

EAMO  M  the  moat  energetic  of  the  three  axidomethyl 
pk>(ymer«  and  illmtretce  a  complicatioo  erith  the  Pt  fil- 
aoMut  method  erhen  applied  to  the  moat  rapid  exother¬ 
mic  ranctioaa.  Figure  14  ahowa  that  at  aimt  2  •  the 
polymer  exothermically  deoompoaas  aharply,  yielding 
producta  that  are  fragment!  of  the  bnchboM.  However, 
the  reaction  ta  eo  violent  that  iwopukioo  cauma  the  Pt 
filament  to  diatort  Thia  motion  producaa  an  oaciUatioo 
in  the  control  voltage  for  about  1  a  In  thia  caac  the  control 
voltage  excuraiona  are  partly  from  chemical  changca  and 
partly  from  pbyaical  changca  and  ahould  iwt  be  miatakeo 
aa  ibdieattag  a  pur^y  chemical  event  The  gaa  producta 
are  not  affected  by  the  filament  diatortion.  The  coocan- 
tratiom  of  the  gaa  producta  art  indcpmwlent  of  T,  ia  the 
2S0-390’C  range,  probably  beoamc  of  the  very  high  re- 
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Ftt.  U.  T  junp/FT-IR  daU  for  200 of  BAMO  poiyowr  hootod  at 
20QO*C/t  Is  T,  -  2WrC  uudrr  tl  atm  praaaurt  of  Ar. 


action  rate.  No  residue  or  large  molecule  fragmenta  arc 
detected.** 

The  axidomethyl  polymers  demonatratc  that  major 
chemical  differences  are  detected  as  the  amount  of  hmt 
released  by  a  cloaely  related  aeries  of  compounds  is 
changed.  The  only  complkati  on  arises  when  the  heat  and 
gaa  release  b  so  violent  that  the  Pi  filament  is  physically 
altered. 

TATB.  TATB  is  kr-own  to  be  an  insensitive  explosive 
erith  high  thermal  stalMlity.  Unlike  the  sharp  exotherm 
found  for  each  of  tbfc  axidc  polymers,  the  control  voltage 
irmc*  for  TATB  in  Fig.  IS  reve^  a  brood  cxotherct  hav¬ 
ing  detailed  structure  that  was  differect  ia  each  run.  The 
tune-to-«xoiherm  value  at  a  given  T,  also  changed  by  aa 
much  as  acveral  aeconda  from  run  to  run.  The  origin  of 
this  unusual  briuvior  wm  understood  eftar  vmrjsI  ob¬ 
servation  of  the  sample  on  the  filament  Under  10  aUn 
preeaure  of  Ar.  TA7*B  was  ebaerved  to  ignite  at  several 
spots,  often  si  different  times.  Burmng  cipanded  out 
from  thaae  spots.  The  fact  that  the  position  of  the  ig¬ 
nition  atlas  in  the  sample  was  random  from  run  to  run 
led  to  the  erratic  control  voltage  behavior  observed. 
Hence,  the  control  vc-ilagc  {races  for  TATB.  unlike  the 
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Fir.  16  T  |u«(>/rr  :R  d«U  for  200  »c  HMX  hMUd  at  loocrc/i 

XaT,  '  29(rC  uador  2.7  aUB  prtatvra  of  Ar. 

other  compounds  mentioned  in  this  piper,  ire  highly 
nonreproducible. 

A  possible  expUnitiun  for  the  multiple  exotherms  in 
the  ^hsvior  oi'  TATB  is  that  furarsn  sod  furoxsn  com¬ 
pounds  are  found  to  form  in  thermally  stressed  samples'* 
These  furaxans  and  furoxans  result  from  ring  closure 
with  elimination  of  H,0  and  H..  They  are  nsore  sensitive 
and  reactive  than  TATB  itself,  and  their  formation  and 
ignition  at  various  sites  may  be  responsible  for  the  mul¬ 
tiple  exotherms  in  the  control  voltage  traces. 

HMX.  I  he  power  of  T-jump/FT-IR  spectroscopy  for 
elucidating  delaib  of  the  decomposition  mechanism  is 
illustrated  by  the  data  for  HMX  (Fig.  16).'*  The  sample 
melts  in  the  initial  1.5  a  The  control  vol'aige  b  comtant 
until  about  4  a,  when  a  small  exothermic  departure  be¬ 
gins.  Coinciding  with  thb  time,  NO,  and  N,0  arc  de- 
tccic  *  At  about  4.5  s  the  first  traces  of  HCN  and  CH,0 
are  oha !  A  small  amount  of  CO^  u  also  detected. 
The  relative  concentrations  of  these  gases  lluctuste 
somewhat  because  of  bubble  bursting  in  the  moitan  HMX 
and  raising  of  the  gases  with  the  co  I  Ar  atmosphere  in 
the  IR  beam  waist.  Despite  ihcae  Auctu.  tioru.  the  qusn 
tity  of  CH,0  and  N,0  and  the  quantity  of  NO,  and  HCN 
are  approximately  equal  between  4  5  and  6  s.  During  th« 
time,  the  control  voltage  reveab  only  slight  exolhermici 
ty  in  the  net  reaction.  The  gas  product  data  strongly 
indicsle  that  two  parallel  decompasiiMo  reactMos  (19 
and  20)  occur  during  the  pyrolysis  of  bulk  HMX 

4'NO,  ♦  HCN  ♦  H)  or 
HMX  <  4(HONO  *  HCN)  (19) 

4*N;0  •  CH.Ol  (30i 

By  messunr^  the  N,0/N0,  conrentrsUon  ratio  for  earn 
pies  et  Tf  in  the  290  390T  range,  one  finds  that  rearUon 

19  IS  favored  at  high  temperature,  white  reaction  20  n 
favored  at  tow  Umoersture  **  However,  the  sequence  of 
gas  products  in  Fig.  15  reveab  that  CH,0  and  HCN 
appear  after  N,0  end  NU,  and.  therefore,  do  not  csieae 
from  the  seme  reactsont  as  mqihed  by  reactions  19  and 

20  Instead.  N,0  snd  NO,  evolve  snd  leave  s  residui 
whoae  subsequent  deoamponlion  is  the  source  of  CH/) 
snd  HCN.  Thb  residue  b  probably  a  mitturr  of  amides'' 
CH,0.  H(TN.  and  a  third  producl  from  residue. 


HN<X).  can  be  formed  by  tharmolyaM  of  amides'*  Hence, 
raactiom  19  and  20  inv^ve  mulUpla  stapa,  but,  from  a 
practical  point  of  view,  the  auin  avmita  in  the  breakdown 
of  bulk  HMX  are  eatablishad.  Thme  are  that  (1)  the  gas 
product  concentrations  in  Pig.  16  at  4.5-6.0  s  match  the 
stoichiontelry  dictated  by  nondemantary  reactions  19 
and  20,  and  (2)  there  n  approximate  thermoaeuUaliiy 
in  the  control  voltiqic  trace  whau  reactions  19  and  20 
dominate.  Hess’s  la#  confirms  that,  for  reaction  19,  AH 
~  159  U/mol  for  the  HONO  -f  HCN  products,  while  AH 
for  reaction  20  b  -209  kJ/mot.  Takra  together,  the  en¬ 
thalpies  of  these  two  steps  api»oxi&uitaly  cani.  ;rl,  pro¬ 
viding  little  or  no  energy  for  the  combustion  or  explosion 
of  HMX. 

The  high-energy  release  from  HMX  comes  in  a  later 
step  beginning  st  sbout  6  s  when  T,  <•  298*C.  At  thb 
time  the  control  voitage  trace  shows  that  the  reaction 
turns  rapidly  exothermic,  snd  much  NO,  snd  CH,0  are 
consum^.  while  NO,  CO  and  H,0  (not  quantified)  ap¬ 
pear  for  the  first  time.  The  occurrence  of  reaction  21  b 
indicated  by  thb  result; 

:>CH,0  +  7NO,  •  7NO  +  3CO  +  2C0,  ♦  5H,0.  (21) 

Note  that  the  relative  concentrations  of  NO  snd  CO  in 
Fig  16  are  correct  for  the  stoichioinctry  of  reaction  21 
and,  moreover,  AH  1350  kJ/rool.  Hence,  resetioo  21 
b  the  first  large  source  of  energy  in  the  decomposition 
chfin  to  drive  the  combustion  and  explosion  process  of 
bulk  HMX  It  comes  after  induction  reactions  19  snd  20 
have  built  up  sufficient  CH,0  snd  NO,  for  reaction  1\ 
to  take  over  as  the  dominant  source  of  energy.  Ignition 
or  explosion  takes  place  when  reaction  21  occurs. 

W^n  HMX  b  T-jumped  to  T,  "  39(rC,  which  b  sp 
proximalely  the  temperature  at  t^  surface  of  bulk  HMX 
burning  at  1  atm.  the  mechanism  dmeribed  above  re 
mains  valid  "  However,  the  rrlstive  contribution  of  re 
actions  19  and  20  changes  with  temperature.  As  T,  in 
creasea,  reaction  19  becomes  increasingly  important 
relative  U>  reaction  30.'* 

.SUM.MARV 

The  T  pimp/)rT  IK  technique  described  herein  was 
developed  by  interfacii^  a  commemally  availaUe  Pt  fii 
ament  control  unit  and  a  rapid  scan  FT  IRspectromeirr 
The  Pi  filament  was  employed  as  both  the  heat  source 
and  the  ihcrmochemical  sensor  for  the  sample  However 
it  was  found  that  the  thermophysks  of  the  Pt  filament 
are  strongty  infiuenred  by  the  aurrounding  alntoaphere 
Modeling  of  the  heat  transfer  mechanisms  rrveali>d  that 
convection  heal  kiss  differences  produced  ihu  atmo 
sphere  and  gas  pressure  dependence  in  the  condittoni 
employed  The  true  sample  lemperslure  was  known  oniv 
aftrr  calibration  of  the  filament  with  melting  point  stan 
dards  under  each  set  of  eipenmentai  conditions 

With  the  system  and  Ihermophysical  model  dearribed 
in  thb  paper.  T  |ump/FT  IK  spectroacopy  confidently 
provides  new  insight  mto  the  tub-global  dfcomposition 
reaction  mrchanisms  of  bulk  materials  Because  the 
heating  rate  and  temperature  can  be  choaen  to  he  high 
snd  are  controlbd.  the  surface  reaction  xone  of  a  buU 
amtenai  during  combustion  n  experimentally  umulated 
Thb  advaiw  c  can  be  used  profitably  to  understand  the 
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behavior  of  bulk  materials  in  practical  combus  '.ion  prob¬ 
lems,  such  as  in  incineration,  energy  production,  pro¬ 
pulsion,  end  explosion. 
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Thermal  Decomposition  of  Energetic  Materials  56.  On  the  Fast 
Thermolysis  Mechanism  of  Ammonium  Nitrate  and  its  Mixtures 
with  Magnesium  and  Carbon 
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Thcrmische  Zerselzung  von  energiereichen  Verbimiuiigen  56.  Ocr 
Mechanismus  tier  schnellcn  Thcrmolyse  bei  Ammoniumnitnit  und 
seincn  Mischungen  mit  Magnesium  und  Koblenstoff 
Untersuchungen  iiber  die  schnelle  Thermolyse  von  Ammoniuir  - 
nitrat  (AN)  und  seinen  Mischungen  mil  Magnesium  und  Aktivkoh;^ 
sind  durchgefuhrt  worden  mittels  Fourier-Transform-Infraroispek- 
troskopie/Temperaturprofil-Technik.  Bei  schnellem  Erhiizen  (ca. 
80  ’’C/s)  sublimiert/zersetzt  sich  AN  bei  etwa  300  *C.  Die  Sublimation 
dominiert  bei  Raumtemperaiur.  Die  IR-aktiven  Zersetzungsprodukte 
sin-.’  NHj.  NOj,  NjO  und  HjO.  Reaktionsmechanrsmen  fUr  die  Zerset¬ 
zungsprodukte  wcrden  vorgeschlagen  einschlieBlich  Protonenwande- 
mng,  die  zu  NHj-  und  HNOj-Bildung  fiihrt  mil  nachfolgender  Oxida¬ 
tion  von  NHj  durch  die  Zersetzungsprodukte  der  HNO,.  Die  Zerset- 
zung  von  AN  wird  betrachtlich  verstlrki,  wenn  AN  mil  Magnesium- 
pulver  Oder  Holzkohle  gemischt  wird  und  tritt  unterhalb  135  °C  ein. 
Wahrend  NHj  das  Hauptprodukt  der  Zersetzung  von  AN/Mg- 
Miscl:ungen  isi,  wird  bei  AN/C-Mischungen  kein  NH,  beobachtet 
Die  Ergebnisse  we;  den  erkidn  durch  die  Reaklion  von  HNOj  und  NHj 
mit  Mg  Oder  C. 


D6compasiiion  lhermM|ue  de  composes  6ncrgey<|ues  56.  Le  ni6ca- 
nismc  de  la  thermol.vse  rapide  pour  le  nitrate  d'ammonium  ct  ses 
melanges  avec  le  magnesium  et  le  carbonc 

Des  diiides  sur  la  thennolyse  rapide  du  nitrate  d'ammonium  et  ses 
melanges  avec  le  magnesium  et  le  charbon  aciif  oni  M  rdalisdes  au 
moyen  de  la  speciroscupie  infrarouge  k  transformation  de  Fourier  et 
de  la  technique  des  profils  du  temperature.  Lots  d'un  chauffage  rapide 
(env.  80  °C/s).  AN  est  sublime/d6compos6  k  environ  300  “C.  La  subli¬ 
mation  domine  k  pression  ambiantc.  Les  produits  de  ddcomposilion 
aciifs  dans  I'infrarouge  sont  NH,,  NO,,  N,0  et  H.O.  On  propose  des 
ni6Lr.nismes  de  reaction  pour  les  produits  de  decomposition,  impliquant 
un  transfer!  de  protons  qui  conduit  k  la  formation  de  NH,  et  HNO, 
avec  oxydation  consecutive  de  NH,  par  les  produits  de  ddcomposition 
de  HNO,.  La  decomposition  de  AN  est  amplifiie  consid6rahlement 
lorsque  AN  est  m6lang^  k  de  la  |ioudre  de  magnesium  ou  du  charbon 
de  bois  et  elle  se  produit  k  des  tempdratures  inf6rieures  k  135  °C. 
Alors  que  NH,  est  le  prrxluii  principal  de  la  decomposition  de  melan¬ 
ges  AN/Mg,  on  n'obuerve  aucune  trace  de  NH,  dans  les  melanges 
AN/C.  Ces  resultats  s'expliquent  par  les  reactions  de  HNO,  et  NH, 
avec  Mg  ou  C. 


Summary 

Fast  thermolysis  studies  of  ammonium  nitrate  (AN)  and  its  mixtures 
with  magnesium  and  activated  charcoal  have  been  carried  out  by  the 
Fourier  transform  infrared  spectroscopy/temperature  profiling  tech¬ 
nique.  When  subjected  to  rapid  heating  (ca.  SO'C/s),  AN 
sublimes/decomposes  around  3()0°C.  Sublimation  dominates  at 
ambient  pressures.  The  IR-active  products  of  decomposition  are  NH,, 
NO,.  NjO  and  HjO.  Reaction  schemes  accounting  for  the  products  are 
profXMed  which  involve  proron  transfer  leading  to  NH,  and  HNO,  atrd 
the  subsequent  oxirlation  of  NH,  by  the  decomposition  products  of 
HNO,.  The  decomposition  of  AN  is  significantly  enhanced  when  AN 
is  mixed  with  magnesium  powder  or  charcoal,  and  oocun  at  ai  low  a 
lemperatuie  as  1 35*0.  Wliereaa  KH,  is  the  major  product  of  deoompo- 
tition  of  AN-Mg  mixtures,  no  NH,  is  observed  from  AN-C  mixlutes 
The  results  are  explained  by  the  reaclicns  of  HNO,  and  NH,  with  Mg 
orC. 

1.  Introduction 

Ammonium  nitrate  (AN)  has  been  the  main  oxidizer  in 
many  compositions  of  propellants  and  explosives.  Although 
it  gives  virtually  smokeless  prorlitcls  of  comtuistion,  its  use 
in  solid  propellants  has  been  limited  because  of  its  awkward 
phase  transition  involving  a  volume  change  around  the 
room  temperature,  its  tow  energy  content,  and  its  poor  igni- 


tability.  With  the  availability  of  modified-phase  transition 
AN  in  ret:snt  ycais,  the  pha.se  transition  problem  is  less  of 
an  issue.  The  addition  of  reactive  metal  fuels  improves  the 
bum  rate  and  ignitability. 

Owing  to  its  availability  and  application  as  an  explosive, 
the  thermal  decomposition  of  AN  has  been  studied  widely 
It  is  generally  agreed  that  thermal  decomposition  is  initiated 
by  proton  transfer*'*.  Further  aspects  have  been  more  diffi¬ 
cult  to  explain.  In  fact,  Fedoroff*^*  lists  ten  modes  of 
decomposition  of  AN.  Nitraniide  intermediates  have  been 
advocated  more  recently*’-**.  The  many  possible  mecha¬ 
nisms  arise  because  the  thermolysis  of  AN  greatly  depends 
on  the  experimentai  conditions,  including  the  pressure,  tem¬ 
perature.  sample  size,  state  of  confinement,  rate  of  heating, 
time  lapse  in  monitoring  llie  gaseous  products,  and  small 
amounts  of  impurities  or  additives.  The  dependence  on 
the.se  factors  is  so  severe  that  an  endotherm  can  be  conver¬ 
ted  to  an  exoihemi  simply  by  changing  the  state  of  confine¬ 
ment,  sample  size  or  pressure.  For  combustion  applications, 
conditions  of  high  heating  rate  and  elevated  pressure  are 
required  for  the  most  useful  conclusio.ns  to  be  drawn. 

Of  late,  highly  metallized  fuel-ricn  compositions  have 
found  application  in  ramjet  propulsion  systems.  While 
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examining  the  thermal  ignition  characteristics"'"  and  com- 
bustion'*’  of  fuel-rich  AN-based  systems,  it  was  found  that 
the  behavior  of  AN  is  drastically  modiHed  by  the  presence 
of  high  loadings  of  magnesium  powder*’-^*  and  also  activa¬ 
ted  charcoal'^'.  The  process  was  sensitized  to  such  an  extent 
that  the  decomposition  occuned  at  I35°C,  i.e.,  even  below 
the  melting  point  of  pure  AN.  While  these  results  suggest 
enhancement  of  the  ignitability  of  the  AN  compositions,  the 
actual  mechanism  of  the  process  is  not  known. 

Rapid-scan  FT-IR  spectroscopy  combined  with  fast  ther¬ 
molysis  methods^^-^*  enables  the  gaseous  products  to  be 
monitored  in  near  real  time  as  they  are  formed.  In  the  study 
described  here  the  samples  were  decomposed  at  a  control¬ 
led  heating  rate  of  about  80°C/s  so  as  to  re.semble  the  rate 
ot  heating  of  the  condensed  phase  at  the  onset  of  ignition. 
The  rapid  thermolysis  data  have  been  supplemented  with 
the  usual  DSC  and  TO  data  in  some  cases.  The  additional 
insight  from  this  work  helps  specifiy  some  of  the  features 
of  the  fast  decomposition  mechanism  of  AN  and  the  effect 
of  Mg  and  C  on  the  process. 
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Figure  i.  The  relative  percent  composition  of  quantified  gas  products 
measured  2  mm  above  the  surface  when  AN  is  heated  at  80°C/s  under 
IS  p$i  Ar.  AN(aero$ol),  H^O  and  IR-inactive  products  are  not  quanti¬ 
fied.  Superposed  is  the  temperature  profile  of  the  condensed  phase 
(sample)  and  the  reference  filament  temperature.  Ttie  results  are  some¬ 
what  different  from  those  reported  in  reference  9,  largely  because  a 
lower  heating  rate  is  employed  in  this  paper. 


2.  Experimental 

The  details  of  the  rapid-scan  FT-IR/tem,.  ^rature  profi¬ 
ling  technique,  spectral  procedures  and  methods  of  quanti¬ 
tation  are  reported  clsewhere^^*’.  t'lc  present  case,  the 
thermolysis  was  carried  out  by  heating  a  thinly  spread  sam¬ 
ple  (1-2  mg)  on  a  nichrome  filament  in  an  atmospheric 
pressure  of  Ar,  employing  an  heating  rate  of  80"C/s  and 
then  holding  the  temperature  at  450‘’C.  This  temperature 
was  chosen  since  magnesium  and  its  compositions  react 
with  the  filament  at  high  (600°C)  temperatures.  The  FT-IR 
spectra  were  recorded  at  a  scan  rate  of  10  scans/s  and  two 
spectra  per  file.  The  relative  amounts  of  each  detected  spe¬ 
cies  were  obtained  from  the  IR  intensities.  In  doing  so. 
however,  the  relative  percentage  of  the  AN  aerosol,  HjO, 
and  IR  inactive  species  could  not  be  taken  into  account.  The 
DSC  and  the  TG  runs  were  obtained  on  a  Dupont  Instru¬ 
ments  910  system  at  lO^C/min  in  open  Al  cups  in  an  Ar 
atmosphere,  unless  otherwise  stated. 

Certified  ACS  grade  ammonium  nitrate  having  no  orga¬ 
nic  coating  was  supplied  by  M/S  Fisher  Scientific  Co. 
Other  materials,  magnesium  powder  (50  mesh,  99-f  %  puri¬ 
ty),  activated  carbon  and  Mg(NOj)2  •  6  HjO  were  obtained 
from  the  Aldrich  Chemical  Co.  Various  compositions  by 
weight  of  AN  were  made  keeping  the  amount  of  magnesi¬ 
um  or  carbon  constant  and  varying  the  amount  of  AN.  Fine 
powders  of  eacii  were  mixed  by  shaking  them  in  a  vial. 

3.  Results  and  Discussion 
3.1  Pure  AN 

A  typical  thermal  trace  of  pure  AN  given  in  Fig.  I  shows 
an  endoihcrm  at  about  I70°C  due  to  the  melting  of  AN.  and 
another  endoihcrm  around  280°C.  Tlicsc  observations  arc 
consistent  with  the  DSC  thermogram,  wherein  besides  these 
endoihcrms,  solid-solid  phase-transition  endotherms  arc 
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Figure  2.  Rapid-scan  FT-IR  spectra  of  the  products  of  decomposition 
of  AN  in  ihr  gas  phase  after  10  s  al  (a)  IS  psi,  (b)  280  psi  of  Ar.  An 
increase  in  the  NjO  concentniion  is  indicative  of  the  extensive 
decomposition  of  AN  at  higher  pressure. 

also  observed  below  ITO’C.  The  endothenn  at  280°C  could 
be  associated  with  the  predominance  of  the  evaporation 
process  in  the  decomposilion/dissociation*’’’  of  AN.  reac¬ 
tion  (I ). 

NH,NO,(s)->(HNO,-fNH,),.,^„ 

->  NH^NOj  (aerosol) 

The  detectable  amounts  of  gas  products,  which  appear  in 
the  IR  spectrum  after  about  5  seconds  (3()0°C),  mainly  con¬ 
sist  of  AN  aerosol,  NO^,  NjO,  NHj,  and  HjO  (Fig.  2).  A 
small  amount  of  NO  also  appears  soon  after.  Although  the 
amount  of  AN  aerosol  cannot  be  quantitated,  the  abs<jrb- 
ance  values  indicate  that  a  significant  amount  of  evapora¬ 
tion  has  taken  place.  The  presence  of  NjO  and  H,0  which 
are  well  established  decomposition  products*'  ^  of  AN. 
shows  that  both  the  dissociation  (which  leads  to  evapora¬ 
tion)  and  decomposition  of  AN  occur  simultaneously. 
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Most  mechanisms  proposed  for  the  AN  decomposifkTn 
^  assume  the  subsequent  oxidation  of  NHj  by  the  dissociation 
m  products  of  HNO3.  For  example,  Rosser,  et  al/'*  assumed 
*  the  equilibrium  reaction  (2)  for  HNO3  that  leads  to  the 
actual  oxidizing  species  [reaction  (3)]. 

2  HNO3  ^  NO^  +  NOj  +  H2O 


NHj  +  NOj*  Products  (N^O,  HjO) 


(2) 

(3) 


Essentially,  the  %nie  species  was  assumed  to  be  responsi¬ 
ble,  at  least  during  low  temperature  decomposition,  for  the 
oxidation  of  NH3  by  Kopei,  et  al/^*  and  Brower,  et  al/'*’. 
The  dissociation  equilibrium  of  l(X)  %  HNO3  by  reaction 

(2)  is  well  known  and  occurs  in  the  liquid  state.  Reaction 

(3)  is  based  on  the  observation  that  NjO  and  H^O  are  the 
main  products  of  decomposition.  Brower,  et  al.<^>  found  no 
NOj  when  AN  was  decomposed  in  a  sealed  capillary  tube 
and  the  products  examined  subsequently.  However,  NOj  is 
known  10  form  in  ether  modes  of  decomposition*^’.  In  situ 
decompositon  and  immediate  analysis  of  the  products  by 
FTIR  spectroscopy*”  clearly  reveals  that  NOj  forms  besides 
NjO  and  H^O.  It  is,  therefore,  imperative  that  any  decom¬ 
position  scheme  proposed  should  account  for  the  formation 
of  NOj.  Furtherm  are,  in  the  decomposition  of  AN,  HNO3  is 
produced  op’v  at  high  temperatures  where  it  is  likely  to 
decompose  quickly  because  the  equilibrium  con.stant  for  the 
decomposition  of  100  %  HNO3  by  reaction  (4)  is  8.5  x  10^ 
at  223°C<'‘». 


2  HNO3  ^  2  NO2  +  H2O  +  '/2  O2 


(4) 


The  reaction  of  NO, 


elementary  reactions  by  Bedford  and  Thomas*'” 
perature  range  342®C-387°C  (reactions  5-10), 

in  the  tem- 

NHj  +  NOj  -»  NHj  +  HNOj 

(5) 

NHj  +  NOj  -»  NH  HNOj 

(6) 

NH  -r  NOj  HNO  +  NO 

(7) 

NHj  +  NO  -♦  Nj  +  HjO 

(8) 

2  HNO  ->  NjO  HjO 

(9) 

2  HNOj  -♦  HjO  >  NO  +  NOj 

(10) 
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In  addition  to  these  products,  NH4NO3  is  also  formed*'^'”'*. 
In  fact,  below  I70°C  the  products*'^  '”  arc  Nj,  H,0  and 
NH^N03.  Unlike  NO^,  oxygen  reacts  slowly  with  NH,  in 
the  temperature*'*’  range  400‘’C-700°C.  but  it  reacts  nearly 
instantaneously*'^’  with  NO.  It  is  likely,  therefore,  that  the 
involvement  of  oxygen  may  be  limited  to  the  further  oxida¬ 
tion  of  NO  formed  in  the  above  reaction.  The  reformation 
of  AN,  on  the  other  hand,  may  be  related  to  the  reactions 
involving  NHj,  NOj  and  water*"”,  in  addition  to  reaction 
(1).  These  subsequent  reactions  are  represented  by  reactions 
(12-16). 


3  NO -r  3/20, -+3  NO, 


2  NOj  +  HjO  -»  HNOj  +  HNOj 
NHj  -»■  HNO3  ->  NH^NO, 

NH3  -I-  HNOj  ->  NH„NOj 


NH^NOj  -»  Nj  -r  2  H^O 

fhe  overall  reaction  becomes 

6  NH3  +  6  NOj  +  3/2  Oj 

-4  NjO  -r  7  HjO  +  NH^NOj  +  3  Nj  +  2  NO , 


or 


6  NH,N03  NjO  +  10  HjO  -r  NH.NOj  + 
+  3  Nj  -h  2  NO, 


(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 


Therefore,  in  accounting  for  the  decomposition  products 
the  oxidation  of  NH3  by  NO2  and  0^  near  the  surface  needs 
to  be  considered.  The  present  study  examines  this  aspect. 
Such  a  reaction  would  obviate  the  need  to  include  the  for¬ 
mation  of  nitramide  (NH^NOj)  b  radical  recombination  at 
temperatures*^’  above  290*’C  or  oy  dehydration*"’.  NHjNOj 
is  described  as  an  extremely  unstable  substance  and  is 
known  to  decompose  rapidly*'^’  above  70‘’C.  Alicmately, 
we  propose  that  the  decomposition  ptxxJucts  of  HNO3  (reac¬ 
tion  4)  react  with  NH3  in  the  near  sup:r-surface  giving  the 
observed  products. 


with  NH3  was  described  in  terms  of 


The  above  scheme  of  reactions  represents  the  observed 
decomposition  products  of  AN  quite  well.  Note  that  NOj  is 
present  in  higher  quantity  than  NjO  in  Fig.  I.  It  also  indi¬ 
cates  that  besides  the  AN  aerosol  formed  due  to  the  evapo¬ 
ration/sublimation  process,  some  AN  might  fomi  in  the 
reaction  of  NOj  and  NH,  in  the  gas  phase  HNOj  postulated 
in  leactlons  (S)  and  (6)  is  not  observed  in  the  decomposi¬ 
tion  gases.  Its  transient  presence  in  the  decomposition  gases 
of  nitramines  is  well  known*”’.  Tlie  reason  for  its  apparent 
absence  here  is  not  clear  although  it  could  be  that  it  reacts 
as  it  forms  in  the  highly  ionic  condensed  phase  of  decom¬ 
posing  AN. 

The  feasibility  of  reaction  (17)  was  evaluated  by  reacting 
NHj  with  the  products  of  thermally  decomposed  Mg(NOj)j 
•  0  HjO.  The  thermolysis  of  Mg(NOj)j  •  6  HjO  gives  NOj, 
HjO  and  (presumably)  Oj  by  reaction  (19)  according  to  the 
IR  spectrum  (Fig.  3).  Solid  MgO  is  also  formed. 


Mg(NOj)j  •  6  HjO  ->  MgO  +  2  NO,  +  1/2  Oj  + 


+  6HjO 


(19) 


leading  to  the  overall  stoichiometry: 

4NHJ-^5NOJ-^NJO■*•2NJ  +  6HJO  +  3NO  (II) 


Next.  Mg(N03)2  ■  6  HjO  was  decomposed  in  an  atmosphere 
of  NHj.  The  IR  spectrum  of  the  products  shows  that  NH,  is 
oxidiz^  to  NjO  as  indicated  by  the  relative  decrease  in  the 
absurbaiKC  of  NHj  compared  to  the  increase  in  the  intensity 
of  NjO  (Fig.  3).  The  spectra  also  show  the  presence  of 
ammonium  nitrate  which  forms*'*’  by  reaction  (20). 

2  NOj  +  2  NH,  NH^NOj  +  Nj  H^O  (20) 

More  in.sight  into  reaction  (20)  was  gained  by  the  pyro¬ 
lysis  of  Pb(NO,)j  which  is  known  to  give  NO,  as  the  only 
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Figure  3.  Rapid-scan  FT-IR  spectra  of  the  decomposition  products  of 
Mg(NO,)j  •  6  H,0  in  Ar  (a  =  10  s),  in  NHj  {b  =  2.4  s,  c  =  10  $);  and 
PbfNOjij  in  NH,  (d  =  10  si  following  the  onset  of  heating  (t  >  0  s). 
The  sjmples  wet'  heated  at  a  rate  of  about  120®C/s  and  held  at  650X^ 

gaseous  product  of  decomposition*'’’.  This  was  done  in  an 
NHj  atmosphere  under  cssenti.illy  the  same  conditions  as 
those  used  in  the  M|i’(NOj)2  •  6  HjO  study.  No  AN  fonned. 
The  products  contain  NjO,  but  only  in  a  small  amount,  and 
some  NO  (Fig.  3).  The  absolute  intensity  of  NO  is  very 
small,  but  the  amount  present  is  non-negligiblc. 

The  contrast  between  the  decomposition  products  of 
Pb(NOj)j  and  Mg(NOj)j  6  HjO  in  NH,  could  be  attribu¬ 
ted  to  the  formation  of  HjO  and  Oj  in-situ  in  the  latter  case. 
AN  and  NjO  arc  known  to  form  in  the  reaction  between 
NHj  and  NO^  at  room  temperature  only  when  traces  of 
water  and  air  are  presenl'^^*.  The  reaction  leading  to  the 
formation  of  AN  is  known  to  be  enhanced  in  the  pres- 
ence*‘'*  of  HjO.  it  is  iikely.  therefore,  that  the  fonnaiion  of 
AN  occurs  with  the  involvemcct  of  H^O  produced  during 
the  dehydration  of  MgfNOjIj  -  6  HjO  as  in  reactions  (13) 
and  (14).  The  fate  of  HNOj  may  follow  reactions  (IS)  and 
( 16)  giving  the  net  reaction  (20).  The  formation  of  N^O,  on 
the  other  hand,  could  be  related  to  the  presence  of  O,. 
which  may  facil  tatc  reaction  (7)  by  oxidizing  NO  to  NOj. 
irtdeed,  the  absence  and  presence  of  NO  in  the  decomposi¬ 
tion  products  of  Mg(NO,)j  •  6  HjO  ind  Pb(NOj)j  in  NH,. 
respectively  support  this  view.  Furthermore,  it  is  interesting 
to  note  that  while  the  formation  of  NO  is  invariably  noticed 
in  the  reaction  between  NHj  and  NOj.  NjO  is  produced 
either  at  high  temperature"^’  or  in  the  presence  of  Oj/HjO. 
The  apparent  difference  in  the  reaction  products  may  be 
understood  in  terms  of  the  elementary  reactions  by  assu¬ 
ming  that  at  low  temperatures,  the  HNO  formed  by  reaction 
(7),  instead'  of  decomposing  thermally  by  reaction  (9),  re¬ 
acts'^*’  with  H.NOj  formed  by  reactions  (5)  and  (6)  giving 
NO  and  H,0 
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HNO  +  HNOj -♦  HjO  +  2  NO  (21) 

Thus,  while  the  formation  of  NO  would  be  feasible  at  relati¬ 
vely  low  temperatures,  the  N^O  formation,  being  dependent 
on  the  thermal  decomposition  of  HNO,  should  form  at  rela¬ 
tively  high  temperatures.  Similarly,  in  the  presence  of  Oj 
the  steep  temperature  rise  resulting  from  the  exothermic 
oxidation  of  NO  to  NOj  enhances  the  formation  of  NjO. 

The  thermolysis  experiments  on  MgfNO})^  ■  6  H^O  indi¬ 
cate  that  the  same  oxidizing  species  are  produMd  as  are  for¬ 
med  by  the  thermal  decomposition  of  HNOj.  Furthermofe. 
upon  reaction  of  these  species  with  NHj  the  products  are 
the  same  as  observed  in  the  thermolysis  of  AN.  It  seems, 
therefore,  that  the  reaction  scheme  (S-I8)  explains  the  prod¬ 
ucts  of  AN  without  the  need  to  involve  the  thermally 
unstable  NH2NO2  intermediate. 

The  decomposition  products  of  AN  under  high  pressure 
are  consistent  with  the  above  mechanism.  When  AN  was 
thermolysed  under  280  psi  of  Ar  (Fig.  2).  as  expected*”, 
very  little  sublimation  was  observed.  The  gases  NHj  and 
products  of  decomposed  HNO,  react  closer  to  the  surface 
and  as  a  result,  enhance  the  decomposition  process.  NjO 
and  HjO  arc  predominant  products. 

J.2  AN-Mg  Mixtures 

The  DSC  thcuiiograms  of  AN-Mg  mixtures  agree  with 
previous  DTA  data**’.  It  is  evident  that  the  decomposition 
of  AN  is  drastically  modified  in  the  presence  of  Mg  pow¬ 
der.  While  pure  AN  evaporates  giving  an  endotherm  around 
280®C.  AN-Mg  mixtures  decompose  exothermically  begin¬ 
ning  at  130“C.  After  rapid  decomposition  near  this  tempera¬ 
ture,  the  AN-Mg  (3;  1 )  mixture  shows  an  endoihenn  around 
417®C.  Since  these  experiments  were  conducted  in  Ar,  no 
ignition  of  the  metal  was  noticed,  as  reported  earlier  when 
air  was  present*^’.  The  residue  of  the  mixture  after  heating 
the  sample  in  Ar  to  300®C  was  found  to  contain  MgfNOjIj 
•  xHjO,  according  in  the  IR  spectrum  (Fig.  4).  On  the  other 
hand,  a  sample  heated  to  .S0O'’C  was  found  to  be  mostly 
MgO.  Therefore,  it  seems  that  the  decomposition  of  AN- 
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ngHrc  5-  The  relative  concentrations  of  the  gas  products  at  several 
times  after  the  onset  of  heating  when  an  AN-Mg  (3;  I  ^  mixture  is  hea¬ 
ted  at  80*Os  under  IS  psi  Ar.  The  reference  and  the  sample  thermal 
traces  are  superposed. 
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Figure  6.  Rapid-scan  FT-IR  speciia  of  the  gaseous  decomposition 
producu  of  an  AN-Mg  (3:1)  mixture  at  IS  psi  in  Ar  (a)  2.6  s  after  the 
onset  of  heating,  (b)  is  the  spectrum  after  10  s  showing  the  formation 
of  NO,  and  N,0  in  the  laser  stages  of  decomposition 

Mg  mixtures  proceeds  via  the  formtiion  of  Mg(NO,), 
which  subsequently  decomposes  to  MgO.  Apparently,  an 
exothermic  reaction  between  AN  and  Mg  occurs  in  the 
solid  state  at  about  1 30^.  Most  of  the  AN  is  consumed  in 
the  formation  of  MgfNO})^.  The  heat  evolved  during  this 
reaction  decomposes  and  evaporates  some  of  the  AN. 

Thermal  trace  of  the  rapidly  heated  AN-Mg  (3:1)  mixtu¬ 
re  shows  that  NHj  is  evolved  at  about  150^  (Fig.  5).  A 
rapid  scan  FT-IR  spectrum  of  the  gaseous  products  taken 
2.6  s  after  the  onset  of  heating  shows  AN  aerosol  (Fig.  6) 
and  other  producu  in  minor  amounts.  Pure  AN  begins  to 
evaporate  and  to  decompose  only  after  3  s  under  similar 
experimenul  conditiotts.  Monitoring  of  the  gas  atmosphere 
for  10  s  shows  that  the  relative  concentration  of  NH, 
decreases  steadily  while  that  of  NO^  increases  From  the 
gases  produced  and  their  temporal  b^vior.  it  is  apparent 
ihM  a  pextion  of  the  AN  in  thr  AN-Mg  mixture  is  evapora- 
tedAleoompoaed  without  interacting  with  Mg.  but  at  a  much 
lower  temperature  than  occurs  with  pure  AN.  Fast  thermo¬ 
lysis  of  the  mixtures  having  a  larger  amount  of  AN  (e  g 
6.6:1  and  10:1).  gave  similar  thermal  traces  and  tdeiHical 


producu  as  the  3: 1  mixture.  Here  again,  NHj  was  the  main 
product  in  the  initial  sUge  with  NOj  and  NjO  present  in 
lesser  amounu. 

The.'c  results  can  be  explained  by  the  same  mechanism 
envisaged  for  the  decomposition  of  AN,  with  the  proviso 
that  proton  transfer  is  facilitated  by  the  Mg.  The  mechanism 
would  be  reaction  ( I )  followed  by  reactions  (22)  and  (23). 
followed  in  turn  by  reaction  (17). 

Mg  ♦  2  HNO,  -♦  Mg(NO,)j  +  Hj  (22) 

Mg(NO,)j  -»  MgO  +  2  NO,  +  1/2  Oj  (23) 

AN  is  reported^^^*  to  lose  weight  beginning  at  I50°C.  al¬ 
though  not  to  a  significanl  extent.  Reaction  ( I )  is  the  pri¬ 
mary  cause.  In  the  presence  of  Mg  powder,  it  is  likely  that 
reaction  (I)  is  facilitated  because  the  HNO,  is  partly  consu¬ 
med  by  reaction  (22).  NH,  from  reaction  ( I )  escapes  to  the 
gas  pha.se.  and  appears  as  the  first  product  in  the  FT-IR 
spectrum.  The  Mg-HNO,  reaction  is  highly  exothermic,  and 
the  heat  evolved  in  the  condensed  pha.se  causes  some  AN  to 
evaporate/decomposc  at  a  much  lower  thermocouple  tem¬ 
perature  than  is  found  for  pure  AN. 

The  major  difference  between  the  thermal  decomposi¬ 
tion  of  the  mixtures  having  a  larger  amount  of  AN  and 
those  of  pure  AN  and  AN-Mg  (3:1)  is  that  while  the  con¬ 
centration  of  NjO  increased  in  the  later  stage  with  the  AN- 
Mg  6.6:1  and  10:1  mixtures.  NO,  prevails  over  N,0  in  the 
laner  cases.  This  is  understandable  by  the  reaction  stoichio¬ 
metry.  All  of  the  AN  should  be  consumed  in  forming  the 
MgfNO]),  in  the  3:1  (AN-Mg)  mixture.  Magnesium  nitrate 
decomposes  subsequently,  but  only  above  400°C,  with  the 
production  of  NO,,  leading  to  the  NO,  concentration 
increase  in  the  later  spectral  scans.  On  the  other  hand,  mix¬ 
tures  with  higher  amounts  of  AN.  6.6:1  and  10:1,  have  a 
stoichiometric  or  excess  amount  of  AN  than  is  required  for 
reaction  with  Mg.  These  mixtures  would,  therefore,  decom¬ 
pose  to  give  NH,  and  Mg(NO,),  followed  by  the  evapora- 
iion/decomposition  of  the  remaining  unreacied  AN.  On 
increasing  the  temperature,  the  MgINO,),  decomposes 
giving  NO,  and  O,  which,  in  turn,  reacts  by  reaction  (17) 
with  NH,  converting  it  to  N,0  in  ihe  laner  stages  of  decom¬ 
position  (rf  these  mixtures. 

3J  AN-C  Uixturts 

The  DSC  thermogram  of  an  AN-C  (3:1)  mixture  is 
esseiMially  similar  to  that  obuined*’’  by  the  DTA  showing 
several  minor  exntherms  starting  at  about  I.IS'C  and  a 
major  exotherm  peaking  near  the  melting  point  of  pure  AN 
(170^).  in  the  TC  analysis,  the  wcighi  loss  ai  I70X  corre- 
spottds  to  the  stoichiometric  oxidation  of  carbon  lo  CO,  by 
AN.  Since  the  mixture  conuiins  excess  carbon,  some  carbon 
remains  unalttred. 

The  FT-IR  spectrum  of  the  decomposition  products  of 
the  rapidly  healed  sample  shows,  apart  from  AN  aerosol, 
the  prtaenoc  of  CO,.  N,0,  NO,  and  H,0  as  ntain  products 
(Fig.  7).  A  trace  amount  of  HCN  and  an  absorption  ai  2268 
cm  characteristic  of  HNCO.  are  also  seen.  Most  of  these 
species  appear  simultaneously  at  about  I20”C  (Fig  8). 
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Ptfurc  7.  Rapid-scan  FT-IR  spectra  of  (Ite  decomposition  products  of 
AN-C  (3:1)  mixture  showing  the  amount  of  HNCO  at  different  times 
((c)  s  2.64  s,  (b)  K  3.2  s  and  ta)  =  7.6  s]  after  the  onset  of  heating. 


Flgur*  >.  The  retaiive  cancemratton  of  the  gu  products  when  an  AN- 
C  (3: 1 )  mixture  is  decomposed  at  KTC/s  under  13  psi  Ar  therefenn- 
oe  and  the  sample  thermal  traces  are  t  perpoaed 


Once  fonned.  the  relative  concentrations  of  NO, 


NjOand 


CO.  remain  unchanged.  The  intensity  of  the  peak  a*  2268 
cm  ’  grows  and  then  decays,  vanishing  almost  con  ,>leiety 
after  10  s.  Unlike  pure  AN  and  AN-Mg  iniatures,  no  NH,  is 
observed.  This  is  despite  the  fact  that  r  portion  of  the  AN  is 
tublimedAlecomposed  due  to  the  e-tothermiciiy  of  the  reac¬ 
tion  between  AN  and  C  wiilioui  undergoing  any  reaction 
with  C.  AN-C  mixtures  of  13.3:1  .uid  20:1  gave  the  same 
prt>ducis  of  decomposition  but  the  concentration  ratios 
vaned.  Here  again,  NH,  was  absem.  although  sublimed  AN 
IS  prominanlly  present  in  the  pn  ducu. 

Bfsed  on  reaction  ( I ).  it  may  be  envisaged  that  caibon 
reacu  with  the  HNO,  fonned  by  the  dissociation  of  AN. 
Although  the  oxidaiion  of  C  by  HNO,  to  COj  is  known*^’. 
when  HNO)  was  reacted  with  C  in  a  modilWd  IR  cell  at 
room  lenyeraiure.  NO,  initially  formed  followed  by  COj. 
This  observation  suggests  the  invotvcmenl  of  NOj  in  die 


F^rr9.  Rapid-scan  t-f-IR  sper.ra  of  the  decomposition  products 
after  10  s  of  an  Mg(NO,),  6  HjO  C  (3:1)  mixluie  (a);  PbfNO,),  (b); 
and  a  PbfNOjIj-C  (3  < )  mixture  (c)  in  Ar.  The  samples  were  healed  at 
a  rale  of  about  l20°O  s  and  held  at  6.V)°C. 

oxidation  of  C.  To  verify  this,  the  mixtures  of  carbon  with 
PbfNO)))  and  Mg(NO,),  •  6  H,0  were  tlicnnolyscd  in  the 
IR  cell.  The  FT-IR  spectra  indeed  show  the  formation  of 
COj.  In  turn,  NOj  is  reduced  to  NO  (Fig.  9)  by  reaction 
(24). 

2  NOj  +  C  -♦  2  NO  +  COj  (24) 

Th's  observa'ion  is  consistent  with  the  fact  that  hot 
activated  C  can  be  u.scd  for  preireating  the  waste  gases  con- 
uining  NOj  to  convert’^^*  NO,  to  NO.  The  NO  can  be 
removed  by  ir.aiing  with  activated  charcoal’^’  in  the  pres¬ 
ence  of  NH,  at  high  temperature.  In  fact.  NO  from  flue 
gases  IS  usually  removed  by  treating  with  NHj  in  the  pres¬ 
ence  of  a  catalyst’^’  •**  according  to  reaction  (25). 

4NOr4NH,  +  Oj-»4N,  r-bUjO  (25) 

In  the  AN-C  mixtures,  charcoal  may  be  involved  in 
removing  NO.  "eaction  (25)  could  explain  the  abseiKe  of 
NH)  ir  the  decomposition  products  of  AN-C  mixtures.  The 
oxidative  decomposition  producu  of  HNO,  and  Mg(NO,), 

6  HjO,  (naiT.ely  NO,  and  Oj)  being  common,  it  is  highly 
likely  that  il«y  would  react  in  a  similar  martner  with  C  and 
NH,  preseiit  in  the  system  The  NH,  formed  in  the  AN-C 
system  due  to  if>c  dissociation  of  AN  might,  therefore,  have 
been  consumed  in  the  removal  of  NO,. 

Alierruliveiy.  it  could  be  argued  that  the  ammonia  partly 
reacts  with  COj  forming  the  carbamate  and  its  decomposi¬ 
tion  product,  urea,  which  could  decompose  further.  Urea 
fonns  by  the  reaction'”’  of  CO,  with  NH,  and  might  occur 
in  the  present  instance  at  low  (<  160*0)  tcmprfalures.  Urea 
under  certain  conditions  is  known  to  decompose’”’  to  give 
HNCO,  which  could  explain  the  presence  of  the  I R  absorp 
tion  at  2268  cm  '  in  the  products.  While  this  alicmaiive 
appears  atiraciive.  attempts  to  establish  it  were  not  success- 
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ful.  For  instance,  in  a  DSC  experiment  the  AN-C  (3:  i )  mix¬ 
ture  was  decomposed  at  a  controlled  heating  rate  up  to 
nS'Xr.  The  residue  was  examined.  Its  IR  spectrum  revealed 
no  urea  or  decomposition  products  of  urea,  such  as  biuret 
and  triutet*”’. 

According  to  Glazkova,  et  al.*^*  the  decomposition  of 
AN-C  mixiures  proceeds  via  the  formation  of  NH^NOj, 
which  subsequently  decomposes  to  Nj  and  HjO  (reactions 
26  and  27). 

2NH^NOj  +  C-»COj  +  2NH^NOj  (26) 


Nj  +  2  HjO 


(27) 


NH^NOj 

Identical  burning  rates  of  the  mixtures  of  C  with  NH^NO, 
and  C  with  NH^NOj  and  the  assumption  that  decomposition 
of  the  NH^NOj  determines  the  rate  provide  support  to  (hi.s 
mechanism.  It  involves  no  formation  of  ammonia  and  hence 
accounts  for  its  absence,  as  found  here  for  these  mixtures. 
The  mechanism,  however,  does  not  explain  the  formation 
of  HCN  or  the  absorption  at  2268  cm  *  tentatively  attributed 
to  HNCO.  On  the  other  hand,  the  HCN  could  be  accounted 
for  if  the  formation  of  HNOj  is  assumed,  as  HNO,  is 
known  to  react  with  C  giving  HCN,  in  some  instances*^’. 
Similarly,  NHj  is  known  to  react  with  C  on  heating*^* 
giving  NH^CN  which  could  be  funher  oxidized  to  the  cya- 
nate*^**.  Its  subsequent  dissociation  could  then  lead  to 
HCNO.  which  is  actually  seen  as  HNCO  in  the  vapor 
phase*'**  thereby  accounting  for  the  IR  absorption  band 
observed  at  2268  cm  *. 


4.  References 


(!)  W,  A  Rosser.  S.  H.  Irumi.  and  H.  Wise.  7.  Chrm  67, 
175.1(1961) 

(2)  B  T  Fedoroft.  "EncydofKdta  oj  tjtplanvfi  and  Kflalrd 
h^mt" .  Vol  /,  Hieaimny  Arsenal.  NJ.  I960,  pp.  All  1-179 
(1)  J.  H  Koper.  O  G  Jansen,  aitd  P  J.  van  den  8efj. 

X.  IKI  (1970! 

(4)  K  R  Brower.  J  C.  Oxley,  and  M  Tiwan.  J  Ehys  Chrm  9i. 
4029(1989) 

(5)  S  R  Jain  and  C.  Ooniinen.  7  Thfim  Anal  75.1119(1989) 

(6)  M  ()  Brewster  and  T.  A  ShetKlan,  “Comtmuio^  Siudtri 
Cl  fan  Burning  Braptllanit" .  Final  Report  sutmined  so  Tliioaal 
Corpoealion  ( 1990). 

W  H  Andenon.  K  W.  Bills.  E.  Mtshuck.  G  Mae.  and  R  O 
Schulu.  Combmii  Hamr  7.  .101  ( 1959) 

(7)  J  T  Cronin  and  T  R  Brill.  AppJ  5>eerrosr  4/.  1 147  (I9t7) 

(8)  Y  Oyutni  and  T  B  BnU.  Comftasr  F'Jnmr  62.  21 3  (1985) 

(9)  T  P  Ruuell  and  T  6  Bnll.  Carntmu  FImnf  76.  m  ( 1989) 


(10)  M.  C.  Sneed  and  R.  C.  Brasied  (eds.),  "Comprthensive  Inorgan¬ 
ic  Chemistry' .  Vol  V',  Van  Nosirand  Co,  Inc..  New  York.  1956. 
Pp.72.91. 

(11)  T.  L.  Davies  and  A.  J.  J.  Abrams,  7.  Am.  Chem.  Soc.  47,  1043 
(1923). 

(12)  J.  Thiele  and  A.  Lachman,  C6em  Ser.  27.  1909(1894); 

H.  S.  Booth  (ed.),  Inorganii  Synthesis  /,  73,  (1939). 

(13)  G.  Bedford  and  J.  H.  Thomas,  7.  Chem.  Soc.  Faraday  Trans  I. 
2163(1972). 

( 14)  R  Falk  and  R.  N.  Pease.  7  Am.  Chem.  Soc  76. 4746  (1954) 

(13)  M.  Patry.  R.  Gartet,  and  S.  Pupko,  C.  ft.  Hehd.  Seances  Acad 

Sci  22.5. 94!  (1917) 

(16)  P.  W.  M.  Jacobs  and  H.  M.  Whitehead.  Chem.  Rev.  69,  351 
(1969) 

(17)  F.  A.  Cotton  and  G.  Wilkinson,  "Advanced  Inorganic  Chemis¬ 
try'.  3rd  Ed..  Inierscience  Publishen,  John  Wiley  and  Sons. 
New  York.  1972.  p.  155 

( 18)  T  R  Biill  and  Y.  Oyumi.  7  Phys  Chem  90. 6848  ( 1986) 

(19)  G.  Brauer  (ed.).  "Handhook  of  Preparative  Inorganic  Chemis- 
tiv".  Vol  I.  2nd  Edition.  Academic  Press.  New  York,  1961. 
p  488 

(20)  (a)  J.  W.  Mel'or.  "A  Comprehensive  Treatise  on  Inorganic  and 
Theoretical  Chemist!  \  ''  Vol  VIII.  Longmans,  Green  A  Co.  l,on- 
dun.  1928.  p.  219. 

(b)  Vol  V.  1924,  pp  827-828. 

(21)  A.  M.  Meams  and  K  Ofoxu-Arideu.  7  Chem  Technol.  Bioiecli 
no!  .  Chem  Technol  J4A.  350(1984). 

(22)  C.  F.  Melius,  "Chemistry  and  Physics  of  Energetic  Materials" . 
S.  N.  Bulusu  (ed  ).  Kluwer  Acadmic  Publishers,  Boston.  1990. 
p.72 

(21)  L.  Erdcy,  S.  Gal.  and  G.  Upuy.  Talania  II,  913  (1964). 

(24)  7.  B  Donnet  and  J.  Lahaye.  Bull  Sm  Chim  (Fr.).  1282  ( 1966) 

(25)  K.  Kanebori.  M.  Seki.  M  Kataumoto,  and  H.  Sakurai.  Japan 
Kokat  Tokyo  Koho  79.  83698  ( 1977).  CA.  92,  <mn. 

(26)  K  Kawamura  and  T,  Matsuo.  Japan  Kokai  Tokyo  Koho  77. 
72176  ( 1975),  CA.X7.  122494. 

(27)  W  C  Wong  and  K  Nobe.  Ind  Eng  Chem  Prod  Res  Dev  25. 
179, 186  (1986) 

(28)  In-Sik  Nam,  J  W,  Eldridge.  and  J.  R.  Kiltrell,  Ind  Eng  Chem 
Prod  Res  Dev  25.  186.  192(1986) 

(29)  Kuk-Olhmet.  "Encsclopedio  of  Chemical  Technologv’  .Vol  21. 
2nd  Ed  .  imerscicnee,  N  Y  ( 1 970)  p.  41 

(30)  A  P  Glarkova.  Yu  A  Karamve.  and  A  V.  Savelev,  Comh 
Eipl  Shinl  Wain  19.  10K  1 1982).  (Fngl  Trans)  ) 

(31)  S  Paiai  (ed  ).  The  Chemisny  of  Cvonates  and  Their  Dtrna 
tori  .  Pan  I.  John  Wiley  and  Sons.  New  York.  1977.  pp  509 


Acfcnowlcdgffncnls 

Wc  are  grateful  to  ihc  Thiokol  Corporaiion  and  the  Air 
Force  Office  of  Scieniific  Research  for  support  of  this 
work 

(Received  April  4.  |99l.  Ms  IR79I) 


» 


* 


9 


♦ 


» 


9 


i 


9 


9 


143 


/ 


CHEMICAL  PATHWAYS  AT  A  BURNING  SURFACE 

T.  H.  IUULI-.  P.  J.  UKl'SII.  D.  C.  PATIL.  J.  IC.  CIIKN 
OfiHirlHifHt  of  Clteniiitnj 
Viin-rnit^  of  IMawun- 
Srutirk.  HE 
tS.\ 


Tlic  clioniKr.il  orisiii  tif  iHiniiiit:  rale  (liireremtHi  atiHtn^  tnitk  iiialiTtals  is  uiulyzetl  l>y  an 
t'\|H*riiiK*nlal  sitniilalkin  t>l  llio  MirkK-t*  ro;K*lHin  /imu\  TIk*  siinnlatinii  invnlvi*s  liitsh-ntlo  IkmI* 
inn  Ilf  a  thin  (ihn  of  onniHiunils  <lis|ilayint:  Insv.  inlonnetlialo  atnl  hinh  l»nn»-ral«.*s.  Tlu'  siin- 
nlatinn  is  S’ulHlatod  hy  iho  chwe  inalcit  4ii  the  Uiini  nil's  I'alentaloil  fmin  iIk*  ArHienhis  ism- 
slants  dertomiiiu'sl  hy  SMArCII/FTni  S|K‘i*tit>sctn>y  anil  lHnii*ratrs  nieasunMl  hv  cmiibnsliiMi 
nf  tli«  bulk  material  at  I  atm.  A  secoiKl  mkniscale  pimlysis  lft.hnu|iie.  T-juinp/FTin  sjiec- 
tmscopy.  is  used  to  specify  cliemical  details  of  tlic  simiilateil  bnmiin;  sur^kee  i»>themially  at 
hijsh  tcmpriaturc.  Hijdi  hum-rate  imilcrials.  sudi  ils  azide  |>i>lymers.  release  a  brjje  amount 
of  en-rj^i'  tn  very  early  reaction  steps  at  llie  surface.  IntemKiliate  Imm-rate  materials,  such 
as  RD.\  and  H.NIX.  initially  deeoinpiKe  hy  an  appriuimately  thermally  neutral  srt  of  reac¬ 
tions.  Tlie  hlKh  heat  release  occurs  as  the  products  of  these  initial  steps  cwncentrate  aitd 
react.  As  a  result,  the  heat  release  is  delayetl  and  divided  Wtvieen  the  heteroseneiMis  con¬ 
densed  phase  and  the  gas  phase,  law  regressimi  rate  nialerials.  sudi  as  isixryanate-cioss- 
linked  hydro.Tyl-terminated  polybutadiene,  decumpiise  into  clipped  fragments  itf  the  liaeklione 
and  little  heat  is  released,  tn  this  case,  the  regression  rate  is  controlled  mikstly  hv  the  rate 
of  desnqitKM)  of  the  fragments  and  not  the  magniltKie  ami  time  of  the  heat  release. 


Introduction 

Tlie  linear  rate  of  burning  is  a  sital  practical 
combustion  parameter  of  a  bulk  material.  There  are 
complex  chemical  and  physical  reasons  for  why  some 
materials  are  slow  burning  while  others  are  fast 
burning.  .Although  the  linear  bum  rate,  r.  can  be 
used  to  estimate  a  surface  temperature  or  global 
decomposition  activation  energy  at  a  given  pres¬ 
sure.  r  is  a  one-dimensional  parameter  in  which  all 
chemical  reaction  rates  are  lumped  with  the  heat 
and  mass  transfer  rates.  Consequently,  few  funda¬ 
mental  details  about  combustion  are  learned  from 
r  alone. 

Advancement  in  understanding  die  different 
combustion  dtaracteristics  of  bulk  materials  re¬ 
quires  knowledge  about  the  rhemistry  and  physics 
of  the  surface  reaction  zone  that  connects  the  bulk 
material  to  the  gas  phase.  Unfortunately,  this  re¬ 
gion  is  physically  very  thin.  It  also  has  a  steep  tem¬ 
perature  gradient  that  produces  a  dynamically 
changing  microstructure  of  heterogeneous  phases  and 
non-equilibrium  chemistry.  This  complexity  miti¬ 
gates  against  direct  measurement  of  the  surface  re¬ 
actions  during  combustion. 

Recently,  chemical  details  of  the  surface  reaction 
zone  have  been  acquired  by  developing  experi- 
menU  that  simulate  the  conditions  of  the  surface 


reactimi  zone.  Over  a  very  short  time  interval  the 
buniiiig  siirfx'c  is  a  thin  Rtm  of  reacting  nwlerial. 
Hence,  a  simulation  of  this  zone  is  achieved  hy 
rapid,  programmed  heating  of  a  thih  film.  Chem¬ 
istry  is  learned  l»y  simultaneously  determining  the 
heat  flo«'  and  acquiring  rapid-scan  FTIR  spectra  of 
the  near-surface  gas  products.  The  gases  detected 
form  tlie  first  stage  of  the  flame  zone  were  a  flame 
to  be  present.  (W  deficiency  in  this  approach  is 
that  b^-diflusion  of  H  atoms  from  the  flame  to 
the  surface  is  not  included.  Back-diffusion  is  likely 
to  play  an  increasing  role  at  higher  pressure  and  is 
not  the  major  influence  on  the  chmistry  at  1-3 
atm  «^^eTe  these  experiments  were  performed. 

Cons'incing  evidence  that  the  rapidly  heated  thin 
film  is  a  surface  simulation  comes  from  the 
SMATCH/FTIR  method'  in  which  a  film  of  uni¬ 
form.  chosen  thickness  (20-60  /zm)  is  heated  at  & 
150*  C/s  while  the  dynamic  mass  change,  temper¬ 
ature  clunge.  and  gas  products  are  all  measured  si¬ 
multaneously.  The  r  calrabted  from  S.M.ATCH/FTIR 
kinetics  matches  r  from  bulk  combustion  measure¬ 
ments  at  the  same  pressure.*^  Hence,  the  heal  (low 
conditions  are  simibr  to  those  of  tlie  surface  reac- 
Kon  zone  during  bulk  combustion.  By  inference, 
other  techniques  designed  for  fast,  controlled  heat¬ 
ing  of  a  thin  film,  su^  as  T-jump/rn,R.*  that  are 
specifically  designed  for  chemical  studies,  give  ex- 


1907 


144 


I'llOl’Kl-l-WTS 


(U'tail>  fil  tlu‘  rtMtiititi  /iiiu*  !«ir  !lu* 

lirst  limiv  flu"  cIu‘iuk';iI  liitsis  Uir  llio  iM'liaxMir  •>! 
Ilcit-lHiniiii!:  la/.ulf  (xilynuTS'.  iiutUiiiti-lmniiiit'  'iii- 
tr.iMiiiicNl  ;uu!  siow-Inimiii'^  l|Mityl)ii(;uIifm-'  iiiali-- 
ruils  ciniH*  into  tiulit. 


E.\p«riinen(ul 

Dt  taiU  ..rSMATCH/mu'-'  aiul  T-junm/FTlU' 
s[)wtn»st«py  an-  'iiviti  i'Im-wIkti’.  Ihi(  ait-  Urk'lly 
.sumiiiari/f<l  Iiiw.  SMATCII/FTtU  cmpltiys  a  t-in- 
tileviTwl  ipiaiiz  tiiln*  whoso  vihratioiial  fro<|iioiK'y 
<lojK*mls  oil  tlio  sanipio  mass.  Typicallv,  K.i-O.S  nvi 
of  sainpio  was  iMiiiUil  onto  a  motal  tip  atl.K-luil  to 
the  tilin'  oivitio  a  iiiiii'onii  nim  of  /am  tlikk- 

iiess.  ir  tlio  lilin  thickMi.‘s.s  is  not  uiiiiorm.  llioii  tlio 
oxiH'riiiK'ot  fails.  Tlie  motal  oiul-lip  w.is  lioatosl  Iw' 
HF  imliictiim  at  a  chosoii  rate  in  tho  IlKl-itKf*  C/s 
ranito.  Tlie  sample  atmosphere  was  I  atm  of  .\r. 
Tile  hcatini*  rate  anil  lilm  thk.'ktH.‘ss  are  iiiatclHtl  so 
tliat  the  heat  transfer  is  fiLst  eiH)ut:h  to  sive  a  rea- 
sotuhly  uniform  tem|ierature  tlmmi'lumt  tlw*  lilm.' 
file  dynamic  weight  change  of  the  sample  was 
measured  by  the  change  in  the  vibrational  fre¬ 
quency  of  the  tulic.  Data  were  recoriled  at  IfiO  Hz 
which  provides  enough  (loints  on  the  weight-loss 
curve  to  lie  conlldent  ol  lilting  the  sha|ie  by  lEll. 
a  is 

» 

I  -  «  =  'h  iEI' 


the  degree  of  oinversion  and  t  is  time.  Txpically. 
(El)  was  applied  for  the  initial  3<)^  of  wx'ight  loss, 
file  tem|X'rature  w-.is  mexsiiri'd  by  a  tyix*  £  tlier- 
miKSHiple  spot-welded  to  the  metal  end-tip  and  in 
contact  with  tlie  sample  film.  Infrared  sjiectra  of  tlic 
decomposition  gases  were  measured  aliout  3  inin 
alxive  tlie  metal  end-tip  by  using  a  N'kolet  60SX 
rapid-scan  FTIR  sjiectmmetcr  (10  scan/s.  -1  cm'* 
resolution).  Tlie  IR  spectra  were  conserted  to  tlie 
relatis'e  percent  conumsition  scile  by  integrating  the 
absorptkm  bands  and  converting  them  to  a  relative 
concentration  scale  by  using  their  absolute  inten¬ 
sities.”  IR  inactive  species,  such  as  N*  and  li<.  are 
not  detected,  and,  tlierefore.  are  not  iiKluded  in 
the  quantitation  procedure.  HjO  was  not  quantified 
because  of  its  complicated  rotatkmal-vibrationa)  fine- 
structure.  Tlie  absolute  alisorbance  of  HNCO  was 
estimated  to  be  half-way  between  tiuit  of  COj  and 
NiO.  Tliese  gas  products  evolve  into  a  cool  Ar  at¬ 
mosphere  whm  they  are  klentified,  rather  than  into 
a  high  temperature  flame  zone,  as  in  actual  com¬ 
bustion,  where  they  would  be  instantly  consumed. 

The  reduction  of  SMATCH/FTIR  temperature 
and  weif^t  change  data  is  afforded  by  (El)  and  its 
derivative,  which  are  related  to  Arrficnius  param¬ 
eters  by  (E2). 


lUx 

It 


=  .V  '  1 


-  It'" 


iE21 


tlvarr.ui’.'cnKiit  nl  (E2)  yk'kis  E-'i'.  whkh  i\  .i  straiulil 
line  liv  tlx'  ap|im|)riatc  dmu-v  nl'  n.  ii  =  2  linear¬ 
izes  iiHist  SM.\TCH/FTIU 

logf y  '  )  1  =  kn:  A - —  ,E3> 

Ld/Vil  -  «)*  / J  ’.  'iRT 

ikita  .nid  luis  In-eii  ratinnali/<si  <-l.M'whi'ie.  *  .\  vet  - 
sMin  Ilf  ihe  pyniKsi.s  law.  il'4'.  wliviv  li  is  tlie  ex- 
]ierimental  film  llik'kness.  van  Iv  iisisl  in  v.ilvnlatc 
tliv  linni  r.ite.  r.  in  mm/>  iVnin  tliv 

f  =  fi.Vi-''  iE4) 

SM.\TCM/KTIR  .Vrrhenins  cxinstanls  at  llic  pres¬ 
sure  ami  temjieratnre  nf  the  vxjieriment.  T  is  the 
axvrage  temjx.*rature  during  the  initial  of  the 
weight  loss.  (E-l)  applies  pmvided  /i  appniximatcs 
tlx'  siirfiite  nxictHui  zone  thickness  at  I  atm.  .V  xiilue 
III' fi  =  20  -  W)  ;zni  is  reasimahle' at  I  atm.' 

Wliile  f  can  lx*  ealcniatetl  fnmi  SM.XTCH/FTIR. 
the  cliemical  processes  tliat  are  witnessed  fmni  the 
151S  imxhxts  are  soinexvlut  confused  lix  the  lact  that 
decomposition  ixcurs  iion-i.sothermu1Iy.  To  gain  tiie 
chemk-al  details  more  clearly,  tlie  T-jnmp/FTlR 
tedinique  wa.s  devek^X'd.''  In  T-jnni|)/KTIR.  a  tliin 
film  nf  nuterial  is  de)X>sitcd  on  a  20  fim  tlikk  Pt 
riblion  filainent.  Heating  occurs  at  a  chosen  high 
rate  up  to  20000^  C/s  to  a  chosen  IcmiX'raturc  (T,). 
2000“  C/$  is  noniially  used  liecausc  this  is  the 
higlx'st  lx*ating  rate  tliat  does  mit  overshoot  Tf.  Tf 
can  lie  maintainetl  while  tlie  decommisitkin  gases 
are  aiwli’zed  by  rapid-scan  FTIR  s|)ectniscopy.  Tlie 
high  heating  rate  rvdmvs  the  "cooking”  chemistry 
that  takes  place  at  a  loxv  heating  rale.  Tlie  fact  that 
Tf  is  adjustable  enables  tlie  products  to  lie  deter¬ 
mined  isothermally  at  selected  tem|>eraturcs  in¬ 
cluding  the  expected  burning  surface  tem|)erature. 

The  Pt  filament  is  an  element  of  a  very  rapidly- 
responding  and  sensitix’e  bridge  circuit.  Tlie  contnil 
voltage  of  the  circuit  linearly  responds  to  the  Pt  re¬ 
sistance  during  the  programmed  Ix'aling  stop  and 
maintains  a  constant  resistance  once  Tf  is  reachctl. 
The  temperature  of  the  filament  is  dctcriniiicd  by 
the  resistance  as  with  a  Pt  tlwrmoineler.  Tlie  con¬ 
trol  voltage  increases  or  decreaites  very  rapidly  to 
maintain  Tf  in  response  to  endothcnnic  or  exo¬ 
thermic  events  of  the  sample.  Tlierefore.  monitor¬ 
ing  the  control  voltage  as  a  function  of  time  un¬ 
covers  these  sequential  events. 

A  useful  form  of  the  control  x'oltagc  is  the  dif¬ 
ference  trace  (voltage  with  sample  minus  voltage 
willioiit  sample  present)  as  illustrated  in  Fig.  1  for 
200  /zg  of  RD.\.  After  heating  at  2000°  C/s  to  Tf 
*  263*  C.  an  initial  endotherni  (’inisitive  dellcctiun) 
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I'JtN 


too  - 
so- 


TS«>.«2«3C 


H20  APPEARS 


■nue(SEC) 


Ku:.  1.  T-Jiimp/FTMt  iLit.i  liir  2(X)  jijj  of  |U)X  in 
5  aim  of  Ar  lu'ali'tl  al  (‘/s  to  ;26.j*  O  ai«l 
at  'IKi"  C.  Tin-  (lilfiTciuv  laxitml  vaJtaSt*  lr.Rv  is 
suporinn>osf<J  on  tlio  rcbtiM*  ciMuvntralions  of  tlio 
jSLS  pnKiucts  tlctwlitl  in  real  time  3  inm  alwvr  the 
snrilice.  Eiuhithermie  niellinit  tKX'itni  in  the  first 
second  fiillowed  hv  an  esntlierm  at  alxml  4.5  sec. 
C;is  pnvlncts  first  ap(>ear  at  alwuit  3.3  sec.  hot  the 
Sinn  of  tlio  reactions  is  close  to  thermal  neutrality 
until  file  exothenn. 


occurs  in  tlie  first  second  corresponding  to  melting 
and  the  higher  heat  capacity  when  sample  is  pres¬ 
ent.  Later  a  sharp  negative  spike  appears  due  to 
nmaway  e.sothennic  decomposition.  Tltese  data  for 
RDX  will  bo  discussed  in  a  later  section. 

Strand  burner  tests  on  azide  polymers,  sindi  as 
glycidyl  azide  polymer  (C.^P).'*  reveal  a  high  bum' 
rate  (.Table  1).  Other  azide  polymers,  such  as  B.A.MO 
and  .A.MMO.  liehave  similarly. 


RCH..\’,—  RCIIA'  -  >RI1 

RCH..N— HCN  -  II;  ,R21 

by  tR2).  is  liighly  e.sothennic  iJ//  *•  filK)  —  TOO  kj/ 
moll.  In  accurdaiKe,  the  control  xoltage  trace  turns 
slurply  exothermic.  In  reality.  RCHjN’  decom|»ses 
In'  hit)  braiKlies  as  e\'idetKx-il  hy  iIh*  Eict  tlwt  HCN 
ami  .NHs  fonn.  Ulien  the  C — N'  Itoml  is  retaincil, 
HCN  is  tlie  product.  Ulnm  tin.'  C — N  Imnd  cle;ni*s 
and  H  migration  occurs.  .\H.i  forms.  Tlic  hrunchini: 
ratio  (Fig.  3)  is  lem|K*rjture  dciH-ndcnf  with  C — N 
n'lention  lieing  pixderretl  at  higlier  lemix-r.ituif.  Tliv 
high  heat  release  from  rapiti  nitrene  dei.omt»sition 
that  occurs  in  the  earliest  stages  of  the  dccsmuxi- 
sition  pnxess  is  thimixil  in  the  siirtxc  nxictinn  zone 
and  is  rt‘S(X>nsil>le  for  the  high  hum  rates  displavixl 
hy  these*  azide  jxilymcTS. 


•Medium  Bum-Rale  .Materials:  RDX  and  HMX 


Bum  rates  for  the  pure  hulk  nitramiiies.  RDX 
and  HM.X.  measured  in  a  strand  hiirner  at  higher 
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f  CHj.no 

1 

r  CHjNa  'I 

1 

r  CHn  ^ 

1 

1 

OCHj— C - 

1 

•  OH  H' 

1 

— OCHj— C— CHj— 

OH  H' 

— OCHj— C— CHj— 
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.  H 

N 

1 

CHjNj  . 

M 

1 

k  CHjNj 

CAP  BAMO  AM.MO 


OH 


Ax  shown  in  Table  1.  r  calculated  from  the 
SMATCH/FTIR  kinetics  for  C.\P  resembles  r 
measured  in  a  strand  burner  at  higher  pressures  and 
extrapolated  to  1  atm.  Hence,  the  microscale 
SMATCH/FTIR  technique  simulates  the  surface 
reaction  zone  during  bulk  combustion  and  can  be 
used  to  establish  details  of  the  surface  reaction  zone. 

T-Jump/FTIR  was  used  to  gain  insight  into  the 
decomposition  process.  Smoothed  gas  product  data 
for  CAP  are  shown  in  Fig.  2  at  two  temperatures. 
The  gases  are  recognizable,  stabilized  fiagments  of 
the  CAP  polymer  backbone  and  appear  simulta¬ 
neously  at  the  exotherm.  The  initial  decomposition 
reaction  of  CAP  is  (Rl).  Decomposition  of  the  un¬ 
stable  nitrene.  RCH;N.  for  example 


pressure  and  extrapolated  to  1  atm  are  in  the  0.3- 
0.5  mm/s  range.  Values  of  r  from  S.MATCH/FTIR 
(Table  1)  resemble  these  strand  burner  data  show¬ 
ing  that  the  microscale  SMATCH/FTIR  technique 
simulates  macroscale  combustion  of  these  nitra- 
mines.  Therefore,  fast  thermolysis  methods  can  be 
used  to  provide  chcmkral  details  of  the  surface  re¬ 
action  zone  during  combustion.  Tliese  details  reveal 
why  nitramines  have  a  lower  burn  rate  at  I  atm 
than  CAP.  The  behavior  of  RDX  described  here  is 
similar  to  th."it  of  HMX.* 

Figure  I  sliowed  T-jump/FTIR  data  for  a  thin 
film  of  RDX  heated  at  2000°  C/s  to  263®  C  and  then 
held  isothermally  while  IR  spectra  of  the  near-sur- 
fa';e  gas  products  are  re.»rdcd.  Tlie  liehavior  of  gas 
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rHt)l’i;LL.\NTS 


- 1 

277»C 

Time  (sec) 


Fic.  i.  Ttie  relative  sis  product  coticentralions  (excUidinir  N:'  fn>m  CAP  T-jumiH-d  at  ‘i(XXI*/s  in  I  afn» 
of  Ar  to  277*  C  and  372*  C  and  then  hehl  at  those  temperatures.  N«>le  that  thi*  jt's  products  ap|X*ar  at 
the  e.sotherm.  Secondars-  re;ictio«i  of  CHjO  appears  to  occur. 


pmdncts  is  more  easily  discussed  svilh  the  smtMthed 
profiles  shown  at  two  tcntperatures  in  Fii^.  4. 

The  global  decomposition  branches  {R3)  and  {U4) 
occur  for  bulk  RDX  and  HMX.  (R3)  and  (R4)  imply 
that  NjO  and  NO;  shtnild 

RDX  -•  3  (NO;  +  HCN  +  H)  (R3) 

RDX  —  3  (N.O  +  CHiO)  (R4) 


Fic.  3.  The  temperature  dependence  of  the  HCN/ 
NHj  ratio  of  CAP  showing  that  retention  of  the  C- 
N  bond  is  (avored  at  hlghasr  temperature. 


form  simultaneously  with  CH;0  and  HCN.  Tliis  is 
not  found  at  any  temperature  studied.  Rather,  >1.0 
and  NO;  apjiear  liefore  CHjO  ;md  HCN.  which  fonn 
from  the  residue  left  by  elimination  of  NjO  and 
NO;.  This  residue  is  a  micture  of  products  like  hy- 
drosymethylformamidc  and  acetamide.  which 
decompose  leading  to  the  delayed  release  of  CH;©, 
HCN  and  HNCO.'^ 

The  total  IR  absoHiancc  of  the  pnxliicts  accel¬ 
erates  betsveen  3.5  and  4.5  s  despite  the  constant 
heat  (loss'  from  the  filament,  ss-hich  implies  that  au- 
tocatolysis  occurs  in  this  stage  of  decomposition  of 
UD.X.  .Moreover,  the  control  voltage  trace  in  Fig, 

1  reseals  only  mild  esotbennicity  behveen  3  and  4 
sec  ss-hen  (R3)  and  (R4)  dominate.  Tluis,  these  re¬ 
actions  release  little  energs-  in  the  condenses!  phase. 

A  ninassay  exotherm  des'elops  at  4.5  $.  Hie  sec- 
ondarv’  re-action  resembling  (R5)  apiicars  to  be  re¬ 
sponsible  as  evidenced  by  the  fact  that  CH.O  and 
NO.  are  consumed  as  NO.  CO.  .md  H.O  appear. 

5CH;0  +  "NO; 

-*  7NO  +  3C0  +  2COj  +  5I1;0  (R5) 

Figure  4  shows  that  more  NO  than  CO  forms  in 
accordance  with  (R5).  (R5)  is  highly  e.xothennic  as 
swilten  (ilH  ■  -1350  kj)  and.  by  the  large  exo- 
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TABLE  I 

ci>ni>t:uitx  and  cakniLntnl  iKini  ratvi,  r.  frnrn  SMATfMI/FTlR  ini»|xm‘<l  to  str.ind  l>MrniT  r 
i-aliMM  fur  tiie  bulk  nialfrial 
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Fic.  4.  Smoothed  relative  concentrations  of  the  products  from  plots  of  RDX  of  the  type  shown  in 
Fig.  I.  Unlike  Fig.  2  for  CAP,  there  is  a  strong  time  dependence  in  the  appearance  of  the  gas  products. 
The  temperature  dependence  of  the  gu  products  is  not  large  although  the  relative  concentrations  of  N|0 
and  NO|  are  revers^  (see  ref.  9  for  further  discussion). 
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tljcrnt  ill  Fii*.  1.  il  is  file  main  siiurw  ol'  heat  in 
tlio  licteroiEonenus  (.sHKlensod  pliaso.  Tliesc  eonclti- 
sioiis  alsii  ainily  :it  .‘jWf  C  iFii;.  -4)  except  that  the 
time-scale  is  ctiiiipressesl.  HeiRX?.  this  description 
of  the  decomposition  of  RDX  at  263*  C  applies  as 
well  at  the  surface  reaction  zone  tem|>erjfure  (350- 
■WX)*  C)  during  wmhustion.  However,  the  hrancli- 
iiig  ratio  of  tR3)  ami  (R4)  ileixoids  on  temiXTatiire 
and  faiors  (IVJ)  at  higher  teimierature.'* 

Tile  fact  tliat  an  approximately  thernialU  lial- 
anc-ed  prcp;iration  stage  (Ro  and  R-l)  ixcurs  for  UDX 
and  HM.X  in  order  to  prixlnce  the  reactants  for  the 
later  stage  exothermic  re-.iction  tR5)  causes  a  divi¬ 
sion  of  the  heat  release  hy  R5  lietween  the  lietiT- 
ogeneous  surface  re;iction  zone  (a  mixture  of  solid, 
liquid  and  g;is  pluisesi  and  the  gas  phise.  Tliis  later 
stage  heat  release  maki-s  the  nitramines  descrilxx! 
here  bum  more  sloxvly  than  the  onjuioivzides  where 
a  large  heat  release  (Kx-urs  in  the  verx‘  early  reac¬ 
tion  steps  at  the  surface. 

Tlie  different  rate  of  heat  release  identified  for 
CAP  and  the  nitminines  has  pric-tic-al  ramificxitions. 
When  a  composite  proijellant  containing  C.AP  and 
HMX  is  Inimed,  GAP  bums  xigorously  and  spews 
off  many  unbumed  HMX  particles.'*  This  is  be¬ 
cause  (Rl)  and  (R2)  enable  GAP  to  release  energy 
very  rapidly  while  the  heat  release  reaction  of  HMX 
iR5)  is  delayed  until  (R3)  and  tR4)  have  occurred 
to  a  sufficient  extent. 


Low  Regression-Rate  Materials: 

Urethane  Cross-linked  HTP8 

.\n  example  of  a  low  regression-rate  material  is 
iiydroxyl-i"rminated  polylnifadiene  (HTPB)  cross- 
linked  by  isopliorone  diisocyaiiate  (IPDI)  to  fonii 
uretliane  bonds  {R6). 


Ku;.  -5.  ILipid-sc.iu  1-Tlll  SIK-Clra  utiiixlixl  .it  the 
time  slu»vn  .4  mm  aliovc  the  suriaev  of  I ITPU-5P01 
hcatixl  at  1-50*  C/s  in  I  ‘'.M  of  .Vr.  Tlic  —  NCO  and 
CO;  absorbances  appe;ir  !’er<irc  the  butadiene  ami 
4-vinylcyclehexciie  absorliances.  Tile  tbeniUKsiuple 
trace  of  the  eomlcnsed  phase  ri“t»:;ded  simulta¬ 
neously  inol  shown)  r'''-“;.!s  no  cxoi'i.ermiciti'  tlur- 
iiig  tlw  formation  of  ihc.  :.  orodiiotx. 

Table  I  gix'cs  the  regression-rate  data.  .\s  iK-fore. 
die  SMATCH/FTIR  kinetic  measurements  at  I  atm 
faithfully  match  r  determined  from  combustion 
measurements  on  the  bulk  polymer  at  higher  pres¬ 
sure  and  e.xtrajxilatcd  to  I  Tliercfore.  the  deg¬ 
radation  of  the  e.mdenscd  phiae  tc  form  smaller 
moler;ih>$  for  the  flame  zone  Ise  dv  (emiined  fri  .n 
the  IH  spectra  upon  fhcnnolvsis  in  1  atm  of  .sr  o 
150"  C/s ‘. 

Figure  5  shows  that  the  first  detected  gas  pnu- 
iicts  (3.T  sec  ;iftcr  the  onset  of  heating)  alioie  the 
surtici*  of  HTPU-lPDI  are  COj  and  a  comivinnd 
cx)ntai::iiig  the  isocyanate  NCO)  gniup.  Tlie  iso- 
cs'anate  is  most  likelv  IPD'  foniuxi  hi’  reversal  of 


HTPB; 


HO— CHi— CH==CH— CH,— ), 
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CO 


HaC  I  I  CHjNCO 


/  \/  \ 


CHj 


IPDI: 


O 

II 

RNCO  +  R'OH  —  R— N— C— O— R'  (RG) 
H 


(R6).  IPDI  evaporates.  COj  probably  comes  from 
another  decomposition  reaction  of  the  urethane 
linkage,  (R7).  Following  the  ap|)earance  of  COi  and 
IPDI  are  absurbiinces  matching  those  of  butadiene 
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IMI.1 


O 

I 

R— N— C— O— U'  —  R— N— R'  +  CO.  ^UT) 
II  H 

the  stahili».‘ci  diinor  i)('  butadiene.  4-vin\^c\x:lolK‘x- 
ane  i4.2  sec).  All  of  tliese  pfx>ducts  wwild  enter  the 
llanie  hjik*  at«l.  except  for  COj.  Ik?  reactantx.  were 
a  Ibine  to  be  present.  Howex'er.  the  fomuthni  (if 
these  products  is.  at  most,  mildly  exotliennk-  and. 
therefiire.  r  Ibr  HTPB-tPDl  is  mainly  controlled  In' 
the  r.itc  <»f  volatilizatitMi  of  tin*  rr.ii;iiteiits  of  the 
(X)h  iner.  HeiKe.  a  low  regression  r.it<-  ri“s»lts.  Hus 
iK'luvior  cxmtnLsts  with  the  nitramines  ai\d  orga- 
uoa/ides  discussed  alnwe.  wltere  tlu*  rale,  aimnml. 
and  time  of  the  energj'  relea.se  «inln)l  the  I  aim  r.ite. 

Conclusions 

S.\I.\TCH/FTIR  s|>eetnisc<ipy  is  a  remarkable 
micntscile  laboralors'  siniuLiliun  in  whk.ii  the  ki¬ 
netics  of  weight  kiss  fnMn  a  thin  film  matdi  tin*  bum 
rate  of  tim  ^Ik  material  during  combustkMi  at  the 
s;ime  pressure.  Tliis  technique  s'alidates  the  use  of 
last  tlwmiolysis  methods  on  a  thin  film  to  deter¬ 
mine  chemi^  details  of  the  heterogeneous  surface 
reaction  zone  during  combustion.  High-tempera¬ 
ture  isothermal  decomposition  studies  l>y  T-jiimp/ 
FTIR  spectroKopy  give  dse  desired  iniurmatiun.  The 
nuin  factor  that  controls  the  bum  rate  of  bulk  ma¬ 
terials  at  I  atm  b  the  amount  of  lieat  as-ailalilc  at 
the  siirfiicc.  Thb  amount  of  heat  depends  not  only 
on  the  magnitude  of  AH  but  also  the  time  location 
of  main  heat  release  reaction  in  the  overall  reaction 
scheme.  Tlie  lowest  regression  rates  result  mainly 
from  difltision  control  as  opposed  to  he-at  release 
control. 
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COAAMENTS 


Tam  ..Vgr/yen,  DSTO,  Aiutralia.  1.  In  your  ex- 
{leriinciit  on  HTPB/IDPl.  do  you  have  any  klea 
alxHit  the  thickness  of  the  heterogeneous  reaction 
zone? 

2.  In  your  experiment  on  the  same  t>-pe  of  sam¬ 
ple.  you  mentioned  the  heat  release  is  divklcd  lic- 
tween  tlie  gas  phase  and  condensed  pha-se.  Have 
you  estimated  how  mndi  heat  release  goes  to  tlie 
gas  and  how  much  goes  to  the  condensed  phase, 
i.e..  in  what  proportion? 

3.  Finally,  one  question  about  vilsrational  spec¬ 
troscopy.  What  bsuid  was  attributed  tc  CjH,  in  tlw 
BAMO  decompntition?  The  (C  ■  C)  is  IR  in¬ 
active  in  the  gu  phase  molecule. 


Authors  Reply.  1.  At  the  1  atm  pressure  and  625E 
temperature  of  the  HTPB  experiment,  the  hetero¬ 
geneous  reaction  zone  is  about  60  p.m  thick. 

2.  H.M.X  and  RDX  behaA-e  this  way.  We  have  not 
tried  to  proportion  the  heat  release.  Your  question 
is  dilTicult  to  answer  in  general  terms  because  the 
thickness  and  lifetime  of  the  active  surface  zone  de¬ 
pends  on  the  pressure  and  temperature.  The  must 
exotlieimic  early  reaction  (CHtO  -E  NOJ  is  nomi¬ 
nally  a  gas  phase  reaction  but  can  occur  in  voids  in 
the  liquid  surface  whidi  is  part  of  the  condensed 
piiase.  A  combustion  model  that  includes  detailed 
surface  features  is  the  best  hope  for  specifying  the 
partitioning  of  energy  release. 
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PROPELL.\NTS 


X  VVe  tu«d  th«  HCC  bent^inc  muiie  (11,)  ai 
729  cm"'. 

F.  .4.  Willigiu,  Vnicertity  of  Califontut  at  San 
Ok'eo.  USA.  >  ofrev  that  the  chemical  mechauism 
is  inii)(>rtant  in  propciluitt  (IctUcration,  and  I  like 
your  obsenations  on  incchasiisms  in  your  bi^h- 
lieatin)(-rate  experiments.  Ilmvevcr.  I  think  that  the 
rvechanisitis  are  likely  to  lie  clifli-rcnt  for  typical  liitdi- 
pressure  propellant  conibnstion.  For  cxmnple.  I  think 
it  unlikely  that  an  energetically  neutral  zone  exists 
in  nitramine  deflagration  \Vlut  do  you  think? 

Autitor't  Reph).  Our  experionoe  has  Inren  that 
pressure  up  to  6S  atni  niostly  shills  the  balance  of 
the  existing  processes  rather  than  introdures  new 


processes.  That  is.  ineebanisin  ililTerei^ccs  with 
pressure  are  a  matter  iif  det;ree  rather  than  kind. 
For  cxanaple.  a  decrease  in  dilTtision  with  iiwreas- 
iiig  pressure  may  simply  push  a  complex  reaction 
schemrr  farther  to  coni())etHin  in  a  ^iven  volume 
element.  Also,  in  a  comple.x  rcactam  sclienic  there 
is  s  greater  role  of  bimoicciilar  stejM  involving  the 
heterogeneorrs  condensed  phase  cuiii|>areil  to  uni- 
molecular  steps  as  the  pressure  is  raisrxi. 

Tht*  siimdatuMi  experiments  of  nitramiiu;  decom- 
(lusition  indicate  that  iherinallv  neutral  set-up 
chemistry  occurs  before  the  energy  is  released. 
Howex'er,  in  practice  this  chemistry  sitacially  and 
temporally  overlaps  the  highly  e.xolhenuic  ClIrO  -r 
NOj  reaction;  so  I  agree  xvith  you  tiiat  separate  /.ones 
would  be  difitcidt  to  distinguish  during  deflagra¬ 
tion. 
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Tliomas  Brill 


Burning  surfaces 

The  details  of  the  heterogeneous  reaction  zone  at  the 
surface  of  a  burning  material  are  elusive.  However, 
insights  into  this  complex  zone  are  now  emerging 
from  Iaborat0i7  techniques  designed  to  simulate 
some  of  the  key  conditions  of  combustion. 


A  wide  range  of  processes  involve 
combustion— eg  incineration,  energy  pro¬ 
duction,  propulsion,  and  flammability.' 
The  fundamental  details  of  these  proces¬ 
ses  arc  complex,  involving  rapid,  heter¬ 
ogeneous,  non-equilibrium  reactions  at 
high  temperature  and  pressure.  The  direct 
determination  and  measurement  of  the 
chemistry  at  the  interface  of  the  bulk 
condensed  phase  (parent  material)  and 
the  gas  phase  flame  zone  during  combus¬ 
tion  often  exceeds  the  capability  of  mod¬ 
em  diagnostics.  However,  without  this 
knowledge,  prediction  and  control  is 
purely  speculative. 

Progress  is  now  being  made  towards 
understanding  burning  surface  chemistry 
by  developing  laboratoiy  techniques  that 
simulate  some  of  cite  key  conditions  of 
combustion.  For  example,  a  ‘snapshot*  of 
a  burning  su.'face  shows  a  thin  film  reac¬ 
tion  zone  with  a  sizable  temperature 
gradient  where  a  rapid  phase  change  is 
occurring,  driven  by  chemical  reactions 
and  heat  transfer.  This  zone  could  there¬ 
fore  be  simulated  by  a  thin  film  of  material 
which  is  heated  rapidly.  The  heating  rate, 
temperature,  and  pressure  are  control¬ 
lable  and  the  configuration  of  the  film  can 
be  constructed  to  allow  real-time  spectro¬ 
scopic  measurements.^  An  example  of  this 
t(%hnique  is  T-jump/FTIR  spectroscopy’ 
in  whicfi  a  film  of  material  is  heated  on  a  Pt 
filament  at  2000 *Cs~'  to  a  chosen  temper¬ 
ature,  which  b  maintained  while  record¬ 
ing  the  infrared  spectrum  of  the  surface 
gas  products  at  SO  scans  s'’.  These  gases 
are  the  reactants  from  the  earliest  stages 
of  the  flame  zone  and  are  indicative  of 
rapid  decomposition  reactions  in  the  film. 
The  gases  are  normally  quenched  by 


evolving  (hem  into  a  cool  atmosphere  of 
argon.  By  monitoring  the  control  voltage 
of  the  Pt  filament,  the  infrared  spectra  c.in 
be  connected  to  the  endothermic  and 
exothermic  events  of  the  parent  material 
film.  These  techniques  and  approaches 
are  applicable  to  any  heterogeneous  com¬ 
bustion  problem,  although  thb  article 
looks  mainly  at  energetic  materials. 

An  important  question  is  ‘how  well  does 
(he  laboratoty  simulation  of  the  burning 
surface  represent  the  combustion  of  the 
bulk  material*?  For  energetic  materials 
and  organic  poiymers  studied  to  date  in 
our  laboratory  at  the  University  of  Dela¬ 
ware,  the  answer  is  ‘quite  well*.  This  b 
seen  from  the  close  match  of  the  regres¬ 
sion  (bum)  rate,  r,  of  the  thin  film 
calculated  from  the  Arrhenius  kinetics  of 
rapid  weight  loss  in  another  simulation 
experiment,  simultaneous  mass  and  tem¬ 
perature  change  SMATCH/FTIR,*  to  the 
linear  bum  rate  of  the  combusting  bulk 
material  (Table  I The  important  point 
is  that  the  heat  flow  to  the  thin  film  and  to 
the  burning  surface  have  been  adequately 
matched. 

Knowing  something  about  the  chemical 
reactions  at  the  burning  surface  means 
that  combustion  events  are  better  under¬ 
stood  and  can  potentially  be  controlled. 
For  example,  explanations  are  emerging 
for  why  some  materiab  bum  rapidly  while 
others  bunt  slowly  .*The  mode  of  action  of 
certain  combustion  modifiers  can  also  be 
rationalised. 

Fast  bum  rate 

The  linear  rate  of  burning  (r)  of  a  particu¬ 
lar  material  b  frequently  measured  by 
using  a  strand  burner,  whereby  the  maie- 


Table  1.  Bunt  rates  (r)  at  1  atm  calculated  from  the  kiaetic  ctMitants  of  the  mkraocalc 
laboratory  technique  SMATCH/FTIR  .spectroscopy  with  the  macroscale  strand  burner 
value  extrapolated  to  1  atm. 

Bum-rates  (r)/mms-' 

Compound 

SMATCH/FTIR 

Strand  burner 

GAP 

1.35 

1.70 

HMX 

0.37 

O.S 

HTPB-IPDI 

0.19 

0.21 

OCH,-C- 


(;i  GAP 


rial  is  cast  in  the  shape  of  a  soda  straw  and 
ignited.  The  distance  that  the  regressing 
front  travels  in  a  fixed  amount  of  time  is 
the  linear  burning  rate. 

Strand  burner  tests  on  the  azide  poly¬ 
mer  poly(glycidyl  azide)  (GAP,  /),*  show 
a  high  bum  rate  (Table  1).  Kinetic  mea¬ 
surements  by  using  SMATCH/FTIR  spec¬ 
troscopy  on  a  thin  film  of  GAP  at  latm 
match  the  bum  rate  of  bulk  GAP  quite 
well.*  Therefore,  rapid  thermolysis  of  a 
thin  film  can  be  used  to  establish  details  of 
the  surface  reaction  zone.  The  initial 
decomposition  reaction  (a)  is  mildly  exo¬ 
thermic.  Conversely,  the  decomposition 
of  the  resultant  nitrene,  RCH2N,  b  highly 
exothermic.  For  example,  reaction  (f>)  has 
AW  =  600-700  U  mol-'. 

RCHjNj- RCHJN-^NJ  («) 

RCHjN  —  RCN-I-H2  (b) 

This  is  shown  by  the  control  voltage  trace 
from  T-jump/FTIR  spectroscopy’  which 
reveals  violent  exolhermicity  during  the 
release  of  the  decomposition  gases.  Many 
reactions  of  RCHjN  occur,  giving  recog¬ 
nisable,  stabilised  fragments  of  the  GAP 
polymer  backbone’— <«•  CO,  CHiO, 
HCN,  NHj.  CH4,  CjHj.  C,H«.  (N,  and 
possibly  Hi  arc  present  but  are  not 
infrared  active.)  The  appearance  of  both 
HCN  and  NH,  suggests  that  the  CH]N 
portion  of  RCHjN  decomposes  by  two 
branches,  rather  than  by  reaction  (b) 
alone.  When  t!ic  C-N  bond  b  retain^. 


*SAiMTCH/FTin  tp«ciroicopv  parmiu  lin.ulto. 
tMOu*  mMSuramow  at  lh«  dynamk-  maM 
chaoga,  lamparawra  dwnga  and  naar-tudaca 
gat  produCM  ot  a  iMn  ritm  ot  malarial  haatad  at  , 
lOtMSOXf'.  ' 


{2)  HMX 


••  HCN  is  produced,  however  when  ihe  C-N 
l\>nd  cleaves  and  H  migration  occurs, 
vHj  forms.  (HCN  formation  is  favoured 
at  higher  temperatures.')  TIic  infrared 
active  gas  products  frem  GAP  arc  the 
reaaants  for  the  first  stage  of  the  luminous 
flame  zone  when  the  bulk  material  is 
burned. 

Because  strongly  exothermic  reactions 
occur  very  early  in  the  dccompositior, 
process,  much  heat  is  released  at  the 
surface.  This  high  surface  heat  release  is 
respoasible  for  the  high  GAP  bum  rate 
and  suggests  that  this  will  be  difficult  to 
modify  because  the  decomposition  path¬ 
way  of  RCH^N  may  not  be  easy  to  alter. 

Medium  bum  rate 

The  cyclic  nitramine,  HMX  (2),  has  a 
lower  bum  rate  than  GAP.  The  bum  rate 
of  bulk  HMX  in  a  strand  burner  is  about 
0.5mms~'  at  I  atm.*  Values  of  r  from 
SMATCH/FTIR  (Table  1)  correspond 
with  the  strand  burner  rate,  showing  that 
the  microscale  SMATCH/FTIR  tech¬ 
nique  accurately  simulates  the  amount  of 
heat  flow  at  the  surface  during  macroscale 
combustion  of  HMX.  The  chemistry 


kamed  from  Tjump/FTIR  spectroscopy 
reveals  why  HMX  has  a  lower  bum  rate  at 
1  atm  than  GAP. 

Figure  I  shows  T-jump/FTIR  data  for  a 
thin  filtn  of  HMX  hmied  at  2000*Cs~'  to 
298*C  and  then  held  at  298*C  while 
infrared  spectra  of  the  near-surface  gas 
products  are  recorded. '*TWo  main  stages 
arc  apparent  during  the  decomposition. 
TIic  lirs!  stage  ai  4. 0-5.5  s  is  approxi¬ 
mately  thermally  neutral  .according  to  the 
control  voltage  trdcc  and  yields  mainly 
N;0,  NO;,  CHjO  and  HCN.  However. 
N;0  and  NO;  are  liberated  first  and  leave 
a  residue  comprising  a  complex  mixture  of 
various  amides  and  other  compounds."'*' 
This  residue  dccompc.'*s  primarily  to 
HCN  and  CH;0.  Interestingly,  the  rela¬ 
tive  concentrations  of  NO;  and  HCN 
match  one  another  while  N;0  and  CH;0 
match  one  another  at  about  S.Ss.  Two 
stoichiometric  reactions,  (c)  and  (d),  a.c 
consistent  with  this  observation,  although 
they  do  not  fully  describe  the  decomposi¬ 
tion  process  of  bulk  HMX. 

^4(NO,-i-HCN+H)  (c) 

CH.N,0,  (HMX) 

^4(N;0+CH;0)  (d) 

The  second  stage  begins  at  about  5.5  s 
where  decomposition  becomes  sharply 
exothermic  according  to  the  control  vol¬ 
tage  trace.  Reaction  (e)  is  probably  occur¬ 
ring  because  CH;0  and  NO;  are  con¬ 
sumed  while  NO,  CO  and  H;0  appear. 

5CH,0+7N0;  7NO+3CO+ 

2C0;+5H,0  (e) 


.  ■/i--  .  ■ 


Rg.  2.  The  transmission  infrared  spectra 
of  (a)  the  solid  residue  from  DAG  and  (A) 
from  OAF;  and  (c)  a  sample  of  melon 
obtained  by  heating  melamine  to  530 *C. 

Figure  I  agrees  with  reaction  (e),  showing 
ihai  more  NO  forms  than  CO;  the  large 
exotherm  (AH  =  - 1350 kJ  mol*')  makes 
this  reaction  the  main  source  of  heat  in  the 
heterogeneous  condensed  phase.  The 
time  delay  in  the  occurrence  of  reaction 
(e)  is  consistent  with  autocatalysis;  a 
sufficient  concentration  of  CH;0  and  NO; 
must  develop  before  runaway  heat  release 
occurs. 

The  decomposition  of  HMX  for  the 
300  *C  range  also  applies  at  the  surface 
reaction  zone  temperature  of  HMX  (350- 
400  °C)  during  combustion  at  1-Satm. 
However,  the  relative  importance  of  reac¬ 
tions  (c)  and  (d)  shifts  with  temperature.'* 
The  infrared  spectra  of  the  product  gas 
ratio  (N;0/N02)  as  a  funaion  of  the 
filament  temperature  shows  the  relative 
contribution  of  (c)  and  (d)  at  each  temper¬ 
ature.  Thus  the  (c):((f)  ratio  is  about  5:7  at 
350-400 *C,  matching  the  stoichiometry 
of  CH;0/NO;  in  (e).  It  is  at  least  provoca¬ 
tive  that  the  burning  surface  temperature 
of  HMX  is  the  same  temperature  at  which 
the  first  large  heat  producing  reaction  (e) 
is  stoichiometrically  optimised. 

The  need  for  a  thermally  neutral  prepa¬ 
ration  stage  for  reactions  (c)  and  (d)  to 
produce  the  reactants  for  the  later 
exothermic  reaction  (e)  means  that  the 
heal  released  by  reaction  (e)  is  divided 
between  the  heterogeneous  surface  reac¬ 
tion  zone  (a  mixture  of  solid,  liquid  and 
gas  phases)  and  the  gas  phase  flame  zone. 
This  late  stage  heal  releese  gives  HMX  a 
lower  burn  rate  than  GAP  where  a  very 
large  heal  release  occurs  in  the  first 
reaction  steps  at  the  surface.  Both  reac¬ 
tion  (c)  and  reaction  (d)  need  lobe  altered 
to  increase  the  concentrations  of  the 
rc.'icianis  for  the  exothermic  reaction  (e), 
explaining  why  it  is  difficult  to  change  the 
burn  rate  of  HMX. 

Slow  bum  rato 

An  example  of  a  low  bum-rate  material  is 
the  organic  polymer,  hydroxyl  terminated 


poiybutsdierte  (HTPB)  cio*$-linked  by 
nophorone  dibocyanate  (IPDI)  to  fonn 
uicthane  bonds  (see  reaction  /).  As 

O 

II 

RNCO-t-R'OH  —  R-N-C-O-R'  (/) 

H 

before  ihc  SM ATCH/FTIR  kinetic’  mea- 
sureiii  Jills  .It  I  aim  give  a  Inirn  rate  that 
aerces  well  with  r,  dcterniinod  during 
combustion  of  the  liulk  polymer"’  (Table 
1).  Hiereforc  the  degradation  of  the 
condensed  phase  to  form  smaller  mole¬ 
cules  for  the  llame  zone  can  Ik  determined 
from  microscale  fist  thermolysis. 

Tlie  first  detected  gas  products  above 
the  surface  of  HTPli-lPDI  arc  COj  and  an 
isocyanate.  Tlic  isocyanate  is  most  likely 
to  ^  IPDl  formed  by  the  reversal  of 
reaction  (/)  — IPDI  evaporates.  The  COj 
probably  comes  from  another  decomposi¬ 
tion  reaction  of  the  urethane  linkage, 
reaction  (g). 

Later  in  the  spectra,  there  arc  absor¬ 
bances  consistent  with  butadiene  and  the 

O 

II 

R-N-C-O-R'  -«  R-N-R'-t-CO,  (g) 
H  H 

stabilised  dimer  of  butadiene,  4-vinyl- 
cyclohexane.’  With  the  exception  of  CO, 
all  of  these  products  enter  the  flame  zone 
and  become  reactants  in  the  presence  of  a 
flame.  However,  the  formation  of  these 
products  is,  at  most,  mildly  exothermic 
and,  therefore,  r  for  HTPB-lPDl  is  con¬ 
trolled  mainly  by  the  rate  of  volatilisation 
of  the  fragments  from  the  surface.  This  is 
effectively  diffusion  control  and  for  this 
particular  compound  results  in  a  low 
regression  rate.  Diffusion  control  con¬ 
trasts  with  HMX  and  GAP,  where  the  rate 
and  amount  of  the  energy  release  and  the 
position  of  the  reaction  in  the  time  se¬ 
quence  control  the  bum  rate.  The  bum 
rate  of  HTPB  could  be  accelerated  with  an 


X  OAa  OAF  and  OCO  anppwaa  tfie 
bum  rata  «i  a  compoaMa  pwipaBaiit  by 
forming  patchaa  of  malam  and  maloii  on 
tha  lurfaea  that  racatd  tba  boat  and  maaa 
tranafar  rataa. 

additive  that  releases  heat  in  the  con¬ 
densed  phase  and  increases  the  rate  of 
desorption. 

Combustion  controls 

Gicmical  details  alMut  the  surface  reac¬ 
tion  zone  during  combustion  indicate 
ways  of  modifying  i'k  process.  An  exam¬ 
ple  of  how  fast  thermolysis  data  have 
helped  in  this  area  is  illustrated  by  studies 
of  dicyandiamidc  (DCD,  i),  diamino- 
glyoximc  (DAG,  <f)  and  diaminofurazan 
(DAF,  5).”  These  molecules  suppress  the 
bum  rate  of  rocket  propellants  composed 
of  NHjClO,,  Al  and  HTPB  (a  composite 
propellant).'* When  DCD.  DAF  and 
D.'XG  arc  subjected  to  high  rate  thermoly¬ 
sis,  they  form  solid  cyclic  azincs,  sucli  as 
melamine  (6),  mclem  (7)  and  melon  (8) 
(Scheme  I),  in  addition  to  low  molecular 
weight  gas  products.  Figure  2  shows 
infrared  spectra  of  the  residues.  These 
cyclic  azincs  have  a  high  thermal  stability, 
and  the  presence  of  NH.QO,  did  not 
affect  their  formation.”  In  fact,  melon  is 
thermally  stable  in  the  temperature  range 
at  the  surface  of  a  burning  composite 
propellant  (700*C).  Hence,  these  cyclic 
azines  can  accumulate  as  patches  on  the 
surface  where  they  retard  the  heat  and 
mass  transfer  between  the  condensed 
phase  and  the  gas  phase  dunng  combus¬ 
tion  (Fig.  J).  This  results  in  suppression  of 
the  bum-rate  compared  to  that  of  the 
unmodified  propellant. 

The  suppression  of  heat  and  mass  trans¬ 
fer  by  the  formation  of  thermally  stable 
polymeric  patches  on  the  surface  is  pre¬ 
dicted  with  other  additives  that  decom¬ 
pose  to  DCD .  or  its  monomer,  cyanamidc 
(NH]CN).  A  potential  bum-rate  modifier 
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is  5-aminotctrazole  (5-ATZ.  9),  which 
produces  melamine  upon  fast 
ihcrmolysis.’'’  (The  NH.CN  linkage  is 
evident  in  5-.ATZ). 

Conclusions 

Despite  its  importance,  the  chemistry  01 
the  heterogeneous  reaction  zone  at  the 
surface  of  a  combusting  solid  has  proved 
elusive.  However,  much  information  is 
now  emerging  from  microscale  simulation 
experiments  that  are  designed  to  mimic 
the  key  conditions  of  combustion.  Fast 
thermolysis  studies  on  thin  films  reveal  the 
nature  of  the  chemical  controls  on  the 
burning  rate  of  solids,  and  sometimes 
even  the  mechanism  of  this  reaction. 
From  this  information,  there  appears  to 
be  an  increasingly  bright  future  for  alter¬ 
ing  and  controlling  the  combustion  char¬ 
acteristics  of  solids. 

Thomas  Brill  is  professor  of  chemistry  in 
the  department  of  chemistry.  University  of 
Delaware,  Newark,  Delaware  19716,  US. 
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Thermal  Decomposition  of  Energetic  Materials  60.  Major 
Reaction  Stages  of  a  Simulated  Burning  Surface  of  NH4C)04 

T.  B.  BRILL,*  P.  J.  BRUSH,  and  D.  G.  PATIL 

Dipannufm  of  Cltemum.  L'nu  tniiyofDtlawan.  NtwaHi.  DE  l<i7lb 

Major  suites  of  pyrulwis  (hat  occur  in  a  heterogeneous  gas-ci>nilenscd  phase  layer  oi'  NH,CtO,  lAP) 
representative  of  the  burning  surface  are  desaibed.  T-Jump/  ITIR  spectroscopy  provides  the  sequence  of 
appearance  of  the  gas  products  and  the  corresponding  energy  balance  of  a  thin  layer  iif  .\P  heated  at 
2000“C/s  to  440*C  under  13  atm  Ar.  Srime  HOOj.  but  n»>  NH  ..  escapes  the  reaction  zone  before  signilicant 
heat  is  released.  NH,  is  o.sidized  to  NO..  N-O.  and  H.O.  .\(  lea.si  some  of  the  N.O  may  result  from 
3HNO  -•  N.O  +  H.O.  .As  the  decomposition  rapidly  .accelerates  and  becomes  strongly  etothermic.  NO  and 
H.O  are  formed  in  large  amounts  and  no  more  HCIO,  is  evolved.  In  agreement  with  previous  Kinetic 
schemes,  these  observations  are  consistent  with  the  large  influence  s>f  HOO,  -  HNO  -»  .NO  -  OO,  *■  H  .0 
in  (he  overall  rate.  The  acceleration  of  the  process  may  result  from  growth  in  the  HNO  concentration.  The 
final  prixluct  concentrations  qualitatively  resemble  the  product  proliles  determined  by  microprnbe-mass 
spectrometry  of  the  AP  flame.  Dynamo  weight  loss  ot  an  .VP  film  determined  by  SMATCH/FTIR 


Spectroscopy  exiraixilates  reasonably  well  to  the  burn 


INTRODUCTION 

In  excess  of  1000  reactions  may  be  involved  in 
the  decomposition  and  combustion  of  ammo¬ 
nium  perchlorate  (AP),  NH4GO4,  (IJ  because 
of  the  presence  of  four  elements  and  the  full 
range  of  oxidation  states  utilized  by  nitrogen 
and  chlorine.  A  limited  chain  reaction  scheme 
of  10  reactions  employed  by  Guirao  and  Wil¬ 
liams  [2]  to  model  AP  comnustion  was  ex¬ 
panded  to  SO  reactions  by  Ermolin  et  al.  (1),  to 
simulate  the  gas  products  in  the  flame  zone 
measured  by  microprobe-mass  spearometry  [3|. 
Of  the  many  reactions,  Guirao  and  Williams 
[2]  and  Ermolin  et  al.  [1]  both  emphasize  the 
important  role  that  reaction  I. 

HOO, +  HNO-*NO  +  aOj  +  H,0,  (1) 

plays  in  controlling  the  rate  of  the  gas-phase 
scheme. 

Although  insight  is  obtained  by  using  laser 
pyrolysis-mass  spectrometry  {4},  it  would  be 
'  valuable  to  have  additional  experimental  evi¬ 
dence  of  the  major  steps  given  the  complexity 
of  the  reaction  scheme.  T-Jump/FTIR  spec¬ 
troscopy  (5)  has  the  potential  to  provide  evi- 
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dence  of  reaction  1  as  well  as  other  aspects  of 
the  rapid  decomposition  mechanism  of  AP. 
This  is  because  T-jump/FTIR  gives  the  se¬ 
quence  of  gas  products  formed  in  the  hetero¬ 
geneous  gas-condensed  phase  and  correlates 
this  simultaneously  with  the  overall  energy  bal¬ 
ance  (6,  7J.  For  example,  during  the  rapid  de¬ 
composition  of  bulk  AP,  a  drop  in  the  HClO^tg) 
production  accompanied  by  a  sham  rise  in  the 
NO  and  HjO  concentrations  during  the  vtage 
of  rapid  heat  release  would  be  good  evidence 
for  reaction  I  in  the  heterogeneous  gas-con- 
densed  phase. 

In  this  article  a  flimlike  sample  of  AP  repre¬ 
sentative  of  the  reacting  surface  was  heated  at 
about  20(XrC/s  to  a  temperature  resembling 
that  during  burning,  while  the  gas  products 
w're  followed  in  near  real-time  by  rapid-scan 
niR  spectroscopy.  The  results  support  the 
im(’ortant  role  of  reaction  I,  as  well  as  indicate 
othvr  details  of  the  rapid  decomposition  mech- 
anistn  of  AP. 

EXPIR1MF.NTAL 

Finely  powdered  AP  was  dried  in  vacuum  for 
24  h  prior  to  use.  T-Jump/FTIR  spectroscopy 
has  been  described  elsewhere  (5).  Approxi¬ 
mately  200  fig  of  sample  was  thinly  spread  on 
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a  Pt  ribbon  Hlament  that  is  housed  in  a  gas-tight 
IR  cell  having  ab<iut  25  cm'  internal  volume. 
The  cell  was  Hushed  with  .Ar  and  pressurized 
to  13  atm.  The  filament  was  heated  by  a  power 
control  unit  at  about  20(X)°C/s  (the  T-jump) 
to  a  known  constant  temperature  in  the  440- 
540°C  range.  Control  over  the  tilameni  was 
achieved  by  rapidly  sensing  its  resistance.  En- 
dothermicity  and  e.xothermicity  of  the  sample 
is  detected  by  monitoring  the  control  voltage 
required  to  maintain  constant  resistance.  The 
difference  control  voltage  is  obtained  by  sub¬ 
tracting  the  voltage  of  the  hlament  without 
sample  from  the  voltage  when  the  sample  is 
present.  A  negative  slope  represents  an 
e.xotherm  of  the  sample. 

Because  of  the  small  mass  of  the  sample,  its 
temperature  is  relatively  uniform.  However,  the 
interfacial  heat  transfer  is  complex  (8).  The 
sample  and  the  hlament  form  a  reaction  zone 
that  contains  the  gas  and  condensed  phase  in 
close  contact  with  the  heat  .source.  From  the 
point  of  view  of  the  chemistry  of  the  het¬ 
erophase  surface,  this  condition  qualitatively 
resembles  a  surface  during  combustion.  In¬ 
stead  of  forming  a  flame,  the  decomposition 
products  are  quenched  by  the  cool  Ax  atmo¬ 
sphere.  They  rise  by  convection  into  the  IR 
beam  of  a  Nicolet  20SXB  rapid-scan  FTIR 
spectrometer.  The  beam  is  about  3  mm  above 
the  sample  surface.  Collection  of  complete  IR 
spectra  every  llXf  ms  gives  the  identity,  se¬ 
quence  of  formation,  and  relative  concentra¬ 
tions  of  the  products. 

The  IR  absorbances  for  each  produa  were 
converted  to  concentrations  by  multiplying  the 
absorbance  of  a  characteristic  vibrational  mode 
by  a  factor  derived  from  the  absolute  ab¬ 
sorbance  [9].  In  this  way  the  rate  of  evolution 
of  the  product  is  ascertained.  Unfonunately. 
the  IR  inactive  products  O;  and  CL  are  not 
detected  and  exist  in  a  substantial  amount. 
H,0  is  also  detected  m  large  concentration 
but  was  not  quantified.  Two  different  concen¬ 
tration  scaling  factors  for  HCT  have  been  given 
previously  (9,  10)  because  of  different  micrprc- 
tations  of  the  original  report  (11).  For  the  work 
described  in  this  article,  the  factor  of  IU.3 
(relative  to  I  for  COJ  was  used  to  scale  the 
absorbance  (9)  and  is  regarded  as  the  most 
reliable  value  because  it  is  ba.scd  on  direct 


measurement  of  the  intensity  of  the  HCl  vibra¬ 
tion-rotation  mode  at  2820  cm ' '  for  known 
partial  pressures  of  HCl  and  CO-. 

The  SMATCH/FTIR  techniques  and  data 
reduction  methods  have  been  described  else¬ 
where  112-15).  In  SMATCH/FTIR  spec¬ 
troscopy.  Simultaneous  \tAss  and  Tempera¬ 
ture  eWange  measurements  are  made  along 
with  an  FTIR  spectroscopy  determination  of 
the  gas  products.  Briefly,  a  film  of  AP  having 
about  60  fim  thickness  and  about  9(X)  fig  mass 
was  coated  onto  the  stainless  steel  end-tip  of 
the  quartz  vibration  element  by  repeatedly  dip¬ 
ping  the  tube  into  an  aqueous  acetone  solution 
and  drying  by  evaporation.  The  rate  of  weight 
loss  during  heating  at  250”C/s  was  determined 
by  the  change  of  the  vibrational  frequency  of 
the  tube.  A  thermocouple  spot-welded  to  the 
metal  end-tip  provided  a  real-time  tempera¬ 
ture  measurement.  The  initial  50%  of  weight 
loss  was  fit  by  the  polynomial  equation 


1  -  a  = 

fU 


C) 


This  polynomial  and  its  first  derivative  yield 
I  -  a.  and  da/di.  respectively  for  use  in  Eq. 
3.  where  a  is  the  fraction  of  the  sample  de¬ 
composed  (13-15): 


In 


da 


I 


dt  (I  -  af 


-In^-- 


(3) 


Equation  3  was  found  to  be  linear  with  n  -  1 
and,  by  use  of  the  temperature  of  617  K  at 
25%  of  weight  loss,  was  solved  for  the  prefac¬ 
tor  A  (5.1  X  10^  s' ')  and  the  global  activation 
energy  E,  (9.0  kcal/mol).  These  kinetic  con¬ 
stants  apply  only  at  the  pressure  and  tempera¬ 
ture  conditions  of  the  experiment.  They  do  not 
reflect  a  chemical  mechanism.  The  regression 
rate  of  the  film,  r,  was  calculated  by  a  modified 
v^rston  of  the  pyrolysis  law, 

(4) 


whtcre  h  is  the  film  thickness  given  above. 
Equatiofl  4  is  valid  if  h  is  approximately  the 
thickness  of  the  surface  reaction  zone  during 
combustion  xi  I  atm.  A  value  of  r  •  O.Oll 
cm/s  was  ubiaincO. 


156 


72 


r.  B.  BRILL  ET  AL. 


REGRESSION  RATE  OF  AP 

The  bum  rate  ot  bulk  niiramine  monuprupel- 
lants,  such  as  HMX,  RDX.  and  DNNC  (ft.  7). 
and  energetic  polymers,  such  as  glycidyl  azide 
polymer  and  nitrocellulose  [13.  14|,  extrapolate 
reasonably  well  to  the  regression  rate  com¬ 
puted  from  the  Arrhenius  data  for  rapid  weight 
loss  determined  by  SMATCH/FTIR  spec¬ 
troscopy  (7.  12-15],  Hence,  the  heat  How  into 
the  Him  and  to  the  burning  surface  scale  rea¬ 
sonably  well  to  one  another.  All  the  forenamed 
materials  decomposed  from  the  same  phase  at 
the  temperature  and  pressure  conditions  of 
both  the  SMATCH  and  the  burn-rate  tests.  In 
each  case.  Eq.  3  could  be  linearized  by  the 
choice  of  n  =  2. 

AP  is  different.  The  sunace  temperature  of 
burning  AP  is  believed  to  be  approximately  the 
melting  point  of  about  560"C.  while  the  tem¬ 
peratures  reached  in  the  SMATCH/FTIR 
study  arc  only  300“-40()“C.  Consequently,  the 
SMATCH  data  and  the  combustion  bomb  data 
probably  apply  to  AP  decomposing  from  dif¬ 
ferent  phases.  As  a  result,  it  is  possible  that  the 
regression  rates  obtained  in  a  combustion 
bomb  at  high  pressure  will  not  extrapolate  to 
the  SMATCH  regression  rate  at  1  atm.  Figure 
I  shows  that  the  AP  bum  rate  data  of  High¬ 
tower  and  Price  (16]  on  single  crystals  of  AP 
predict  .ippro.ximately  twice  the  bum  rate  than 
is  measured  by  the  SMATCH  technique.  The 
AP  data  are  unusual  in  that  a  value  of  /t  •  1 
was  need  to  linearize  the  SMATCH  data  in 
Eq.  3.  The  form  of  Eq,  3.  therefore,  might 
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Fig  I.  A  comptnon  ct  tlie  estnpobicd  rcfrcsion  rate  ot 
wifte  cryiial  AP  meMurtd  m  «  combustion  bomb  tret  lb) 
to  that  at  •  Mm  cnkutsied  from  SMATCH/FTIR  dMa. 


depend  on  the  pha.se  during  decomposition. 
This  detail  was  not  examined  further  hecau.se 
the  decomposition  mechanism  of  .AP  is  mttre 
the  central  is.sue. 

DECOMPOSITION  PROCESSES 

It  is  not  universally  agreed  upon  whether  heat 
is  relea.sed  [2]  or  consumed  [1 7)  in  the  con¬ 
densed  phase  of  burning  .AP  because  the  heat 
balance  is  sensitive  to  the  pressure  and  tem¬ 
perature  conditions  (4|.  It  is  widely  accepted 
that  signilicant  chemistry  can  iKcur  in  the  sur¬ 
face  layer.  Determination  of  the  reactions  is 
experimentally  very'  difficult  because  the  sur¬ 
face  layer  is  spacially  thin  and  iran.sicnt  during 
combustion.  However,  an  instantaneous  simu¬ 
lation  of  the  burning  surface  can  be  obtained 
by  rapidly  heating  a  thin  film  of  material  to  the 
burning  surface  temperature.  Some  confidence 
in  this  simulation  is  gained  by  the  fact  that  the 
bum  rate  of  pure  .AT  ii.  a  ^.ollll*uslion  Ixrnib 
extrapolates  reasonably  well  to  the  rate  of 
weight  loss  of  a  rapidly  heated  thin  film,  as 
described  in  the  preceding  section. 

The  sequential  chemistry  of  this  heteroge¬ 
neous  gas-condensed  pha,se  layer  can  be 
stretched  over  several  seconds  and  studied  by 
T-jump/FTlR  spectroscopy  (5-7),  The  en- 
dothermicity  or  c.xothcrmicity  of  the  overall 
process  at  eacli  time  is  obtained  from  the 
difference  control  voitage  trace  of  the  Pt  fila¬ 
ment.  The  gas  products  arc  liberated  into  a 
ctx)l  non.’cactivc  atmosphere  where  'hey  are 
quenched  and  detected.  Although  only  the 
more  stable  products  arc  observed,  these  prod¬ 
ucts  initiate  much  of  the  oxidizer  flame  chem¬ 
istry  and  come  from  the  pyrolysis  process  in 
the  heterophasc  surface. 

Several  comments  about  ihe  IR  spectra  will 
help  clarify  the  discussmn,  Absorbances  indi¬ 
cating  the  formation  of  a  large  amount  of  H/O 
vapor  grow  dunng  the  decomposition  of  .AP. 
We  have  difficulty  specifying  the  exact  amount 
of  H.O  because  the  complex  nitation -vibra¬ 
tion  fine  structure  is  overlapped  by  other  ab¬ 
sorptions.  However,  the  large  concentration  of 
H-O  vapor  complicates  the  description  of 
HClOi.  HO.  and  HNO,  because  both  the 
anhydrous  and  hydrated  forms  of  these  acids 
are  poieniialiy  present  in  the  vapor  phase. 
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.-Mso.  ihc  conccniraiijns  ot  IR  inactive  prod¬ 
ucts.  such  as  Cl^  and  O^.  arc  nut  determined 
in  this  article  hut  arc  established  elsewhere  by 
mass  spectrometry  (1.  3).  Despite  these  diffi¬ 
culties  the  IR  active  gas  products  that  arc 
detected  before,  during,  and  after  the  major 
heat  release  stage  arc  evidence  of  the  domi¬ 
nant  reactions  that  occur  in  the  surface  layer 
of  burning  bulk  AP. 

Pre-exotherm  Processes 

If,  as  is  frequently  thought  (ISl.  the  surface 
temperature  of  burning  AP  at  elevated  pres¬ 
sure  is  >  560°C.  the  decomposition  reactions 
are  likely  to  occur  too  quickly  to  detect  se¬ 
quential  events  by  rapid-scan  F^IR  >pec- 
troscupy.  However,  justification  exists  for  using 
a  somewhat  lower  temperature  to  study  the 
decomposition  mechanism.  The  surface  t«*fr. 
perature  is  about  330°C  at  1  atm  (ITj.  The 
surface  temperature  of  about  56(TC  occurs  at 
the  low-pressure  deflagration  limit  of  10  atm 


for  AP  having  an  initial  temperature  of 
Tile  surface  teinpcraiures  measured  by  Se¬ 
leznev  et  al.  [I'll  at  various  pressures  and  ex¬ 
trapolated  to  13  atm  yield  a  surface  tem¬ 
peratures  of  .ibout  Therefore,  the  rapid 

thermal  dccomptisition  of  .AP  was  studied  here 
at  13  atm  .Ar  on  a  sample  heated  at  2000“C/s 
to  d-Mf'C.  Even  if  this  temperature  is  unrealisti¬ 
cally  low  for  practical  combustion  conditions, 
the  final  gas  products  from  .AP  decompvKition 
at  different  temperatures  in  the  -W0“-.'-Jt)"C 
range  are  found  to  be  quite  similar.  Conse¬ 
quently.  the  overall  decomposition  mechanism 
appears  to  be  similar  in  this  temperature  range. 

Figure  2  shows  the  change  of  concentration 
of  the  gas  products  from  .AP  measured  from 
the  absorbances  by  rapid-scan  FTIR  spec¬ 
troscopy.  along  with  the  heat  balance  that  is 
sensed  by  the  control  voltage  of  the  Pt  fila¬ 
ment.  IR  active  gas  products  arc  first  detected 
at  about  5  s  and  coiuisi  of  HNO,.  NO-.  .N,0. 
H-0.  HCIO,.  and  HGO,  laqf  The  rise  in  gas 
product  concentrations  over  the  next  few  sec- 
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Fn,  I.  T-Jy(Bp/FTtR  d*U  (or  200  ftf  u(  AF  ticaw4  m  iOOITt,  t  to  WfTC  itnOct  '.i  /v.  Gr«i«»>l 

decampoHlioii  ooewn  WMlwHy  «tUi  tlo*  povtll  ai  ihc  IR  aciroc  prodwets  «ad  ctoibcrfnKwy  lorfMiw 
ilapMf  of  Ute  ooncfoi  votUfc)  At  llic  caotherM.  NO,  H  .O  taoi  itanmi.  and  ><0  ipUc  FimI  cooceMninm  arc 
reached  al  10  t  after  the  |m  ifatiwrbancc  in  the  ocM  *enle*  dcMm 
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onds  indicates  that  the  amount  of  sample  de¬ 
composing  gradually  increases.  The  overall 
process  is  exothermic  because  the  control  volt¬ 
age  acquires  a  slight  negative  slope  during  this 
lime. 

The  initial  decomposition  reaction  of  AP  is 
widely  regarded  to  be  dissociative  evaporation: 

NH^aO,(s)  NH,(absd)  HQO.fabsd) 
-NH.(g)  +  HaO,(g)  (5i 

Evidence  of  this  reaction  exists  bekm  3  atm 
where  the  recombination  of  NH,(g)  and 
HGOj(g)  to  form  NH^QO^  (aerosol)  is  ob¬ 
served  in  the  IR  spectrum.  Below  13  atm  .Ar. 
Fig.  3  shows  that  no  NH^GO^  (aerosol)  and 
NHj  (iuie  infra)  arc  detected,  but  that  HGO, 
IS  present,  mostly  in  the  hydrated  form.  The 
fact  that  some  HGO^  survives  to  reach  the 
cool  atmosphere,  whereas  NH,  does  not.  may 
simply  result  from  the  fact  that  .AP  ts  over 
oxidized.  Not  all  of  the  HGO,  b  needed  to 
oxidize  NH,.  Hydrated  HGO,  from  AP  was 
confirmed  by  the  match  of  the  GO,'  asym¬ 
metric  stretching  mode  with  that  of  the  gas 


)  in  ipecira  of  (Iw  CY). '  M*WM«tnc 
lepew  Gm  pkttt  owr  (A)  Af  hefax  capthtna  iliirTu 
MrtM  *mt  mtnOnm  HOO..  <B)  A  TV%  HCX). 
tMW  kCMCd  «  llw  ilMMM.  tO  SoW  Af  Nul 

Ink  or  OB  SH,CKX  aMtoMi  farm  «  A 


phase  above  a  rapidly  heated  T()<T  HGO,  solu¬ 
tion. 

The  complex  multiplet  from  the  a.symmetric 
G-O  stretching  mode  of  anhydrous  HGO, 
overlaps  a  mode  of  HNO,,  but  resembles  the 
reported  spectrum  |30).  The  absence  ot 
NH,GO,  (aerosol)  is  indicated  by  the  fact  that 
the  GO, "  absorptions  in  Fig.  3  do  not  match 
NH,GO,  isolid).  Figure  4  shows  that  the  0-H 
stretching  region  of  the  gas  products  above 
decxamposing  .\P  before  the  exotherm  cicselv 
resembles  that  of  vaporized  aqueous  HGO, 
HG  {%',  and  hydrated  HG.  discussed  in  the 
ne.t!  scaion.  arc  absent  or  present  in  an  unde¬ 
tectable  amount.  The  observation  of  HGO, 
and  .absence  of  HG  in  this  stage  of  the  experi¬ 
ment  alleviates  coiKcrns  that  the  Pt  hlamcnt  ts 
chemically  involved  in  the  gas  products  ob¬ 
served  Platinum  is  known  to  catalyze  as  [21' 

HGO.  HCl  ‘  20.  tni 

but  apparently  does  rot  do  so  significantly  un¬ 
der  the  conditions  cf  these  experiments.  Even 
the  gas  phase  abov-e  TO^r  HGt),  that  has  been 
heated  on  ihe  Pt  filament  contains  no  )-IC'l 
(Fig  5) 

The  .NH,  from  reaction  5  is  oxidized  v-erv 
rapidly  in  ihc  hoi  heterogeneous  gas-con- 
derued  phase  zone  by  HGO,  No  Nil,  sur¬ 
vives  to  reach  the  IR  beam  because  the  inver¬ 
sion  doubtci  at  **(>5  and  932  cm  ’  is  absent  sn 
Fig  3  The  reduction  product  of  MOO,  is  (3. 


a  IR  «pRSt*  .it  -Ik  OM  wmehui,'  retui  -J  cJtr 
(Aw  •  '  ■  V  Iwfax  -Iw  fwlwf.  >R!  mH', 
htwa  <ai  ilw  kin  w  Oki  kkrucd  H(XI.  n  fmrM 
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fti,  5  T>k  OM  .lad  >40  IR  xtctctMft{  rv^ion  fV  ^ 
p(u>c  ^«r  (A>  AR  itM  (Nc  <v!<hcm  that  .uiin- 

drutts  140.  hwjraifd  (40.  iiW  htd»3tcU  (400,  «U 
(B)  .\9iKtHn  'O'i  HOO,  »ipofxml  (fom  i(k 
(HamfM.  ((T  ■*)''»  ((4't  yapoiizcd  trvui  ihc  Kb- 

etciK. 


Sccausc  no  HO  (f).  hrdra<cd  HO.  or  NH,0 
(aercaol)  h  oh^crvxd  in  (hw  »4ajc  of  decompo¬ 
sition.  NO..  N.O,  HNO,,  and  H.O  arc  p«od- 
ucts  of  ammonia  ondanon.  K.N'O)  may  simply 
result  frc«n  hydrolysa  of  NO_.  and.  as  such, 
oouid  uo;  be  an  important  {voduct  were  a 
(lame  present.  N.O  can  form  by  {!] 


:HN0  •  .N;0  *  H.O  t') 

Preventmi  the  buikhip  at  H.NO  t  .»dc  tnfra)  by 
reaction  (?)  would  be  csk  of  the  chcmicai  ways 
that  .AP  u  able  to  decompotie  sk>*K  at  xmer 
temperaturr  without  desxIopMii  a  runawa*  re¬ 
lease  of  heat 


EaatherMt  swf  fM~EantlMrm  feDresart 


The  development  and  frowth  ot  eao<hcrm  of 
the  AP  m  F^.  2  is  a  sharp  event.  The  fas 
product  oonoeturaiiota  domif  the  eiotherre 
are  omuMal  «  the  occurvencx  of  tV  Urge 
puk:  0#  NO.  Ha  and  H.O  The  HOO.  ooo 
otatration  remains  at  or  beim  the  pre-eso- 
thenn  level  The  behamor  of  HOO.,  NO.  and 


H.O  jro  lully  consisieni  uiih  .1  major  role  of 
reaction  I  in  the  acccicraiory  exothermic  pha^ 
of  .A?  decomposition.  Reaction  1  increases  in 
importance  and  uiiimaiely  controls  (he  overall 
rate  because  HNO  accumulatcv  with  time  (U- 
At  the  time  when  reaction  I  dominates  the 
rale,  reaction  7  is  larcely  bypassed  as  evi¬ 
denced  by  the  f.ici  that  the  final  eoncentratwn 
of  N.O  IS  only  approximately  double  the  pre- 
e.xothcrm  value.  Because  of  their  reactivity  and 
shon-life  time  at  the  temperature  oi  the  exper¬ 
iment.  HNO  and  GO,  arc  not  detected.  In 
fact,  for  the  same  reason.  ih>  chlorine  oxides  or 
HGO  are  observed  here,  but  they  ire  by  mass 
spectrometry  (1.  .>1.  H.NO  has  also  been  de¬ 
tected  by  mass  spectrometry  m  the  decomposi¬ 
tion  of  .AP  (::i. 

.After  the  exotherm,  rtonumform  turbulent 
mtune  and  dertcction  of  ihc  IK  beam  caused 
by  the  change  of  refractive  index  of  the  g.'ses 
both  penurb  the  concentration  profiles  The 
steady -state  cofKcniraiions  arc  reached  about 
Z  s  after  the  exotherm,  but  arc  affected  by- 
several  secondary  reactions.  The  particular  re¬ 
actions  mav  not  be  important  in  the  flame  rone 
where  the  tcmperaiute  rises  steepfv  m  th'^  gas 
phase  An  illosiraiion  of  how  care  is  needed  in 
intcrpretir.i  the  IR  spectra  of  the  gas  products 
IS  shown  in  Fig.  5  F-  iiovong  the  exotherm,  the 
O  *  H  stretching  region  of  the  gas  phase  is  the 
composite  of  hyxlraied  HGO,  vapor,  hyxlratcd 
HG  vapor,  and  anhydrous  HG  Figure  5  con¬ 
trasts  with  F»g  4  cd  this  regKvn  before  the 
exotherm  where  only  hydrated  HGO.  is  de¬ 
tected 

An  indKalion  of  ihc  rok  o1  perturb. vtg  *cc- 
oeidary  reactMsns  and  the  waivervsinc.ss  of  the 
chemical  mechanisms  tv  ohsamed  by  compar¬ 
ing  fhe  Sn»i  concentrations  in  7  Kv  those 
measured  br  nucroprobe  mavv  spcctnsmetry  (rf 
the  AP  fiamr  at  I  atm  (4  Tabk  I  fives  the 
relatne  concentr~'*oov  of  the  measured  prod- 
ucss  m  ceunmon  m  ihrie  neo  studies,  la  the 
broad  vense  the  pattern  »  the  same,  which  n 
gratifyu^  given  the  very  different  expenmentai 
condninm.  The  flame  tone  and  fast  thermos¬ 
tat  methoJi  agree  that  NO.  and  N.O  have 
relativefy  kn*  and  about  ctpial  asnc.entratKML 
Aho.  both  methods  indicate  that  >hr  HC  and 
NO  concemratiom  arc  asmideraniy  higher 
than  N.O  arid  Nr  .,  c^t  doagrec  on  the  mag- 
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TABLE  t 

Gas  Products  from  Rapid  Ps-rolysis  ul  AP  ( -UiPC) 
Quaiiiiiicd  by  Two  Methods 


Mass  Fraction 
(ma.ss  spectrometry)*' 

Relative  Absorbance 
(IR  spectrtwcopyl'* 

HG 

o.i; 

0.24*' 

NO 

0.10 

0.35 

NO- 

0.04 

0.03 

N-d 

0.03 

0.04 

■'  1.5  cm  above  surface  in  llame  j:one  at  1  atm  (ref.  If. 
*‘44()°C  under  15  atm  .\r  tthis  work). 

'  .Anhydrous  HCl. 


nitude  of  the  difference.  In  reality,  the  true 
NO  concentration  is  underestimated  to  some 
extent  in  the  fast  thermoIysi«  data  because  an 
absorbance  at  1800  cm"'  indicates  the  pres¬ 
ence  of  NOCl.  NOC!  for:  ns  by 

2NO  +  Cl,  -*  :N0CL  (8) 

but  cannot  be  quantified  for  the  lack  of  abso¬ 
lute  absorbance  data.  The  HCI  concentration 
is  also  somewhat  underestimated  in  the  fast 
thermolysis  data  because  the  quantified  amount 
shown  is  only  from  HCl(g).  Aqueous  HCi  va¬ 
por  is  also  present  as  shown  in  Fig.  5.  Although 
the  mass  spectral  and  IR  analysis  do  not  agree 
quantitatively,  the  similar  trends  give  confi¬ 
dence  that  these  two  techniques  describe  the 
same  chemistry. 

The  importance  of  Cl-0  homolysis  of  HQO4 
in  initiating  and  perhaps  controlling  rapid  de¬ 
composition  of  AP  has  been  repeatedly  em¬ 
phasized  in  many  studies.  In  the  present  study 
a  case  can  also  be  made  for  a  fundamental  role 
for  HNO  in  the  same  sense  that  products  of 
both  the  early  stage  and  e\othennic  stage  are 
consistent  with  reactions  of  involving  HNO. 

We  are  grateful  to  the  Air  Force  Office  of 
Scientific  Research,  Aerospace  Sciences,  for  sup¬ 
port  of  this  work  on  AFOSR-S9-0521. 
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INTRODOCTIOH 


DIFFUSION  FLAME 


Cheaical  description  of  the  combustion  and  explosion  of  bulk 
energetic  uaterials  continues  to  be  one  of  the  greatest  challenges 
to  the  energetics  coeaunity.  Laser  diagnostic  and  aicroprobe  nass 
spectrometry  are  established  techniques  for  cha . acterizing  the 
homogeneous  flame  zone  in  terms  of  the  species,  concentrations  and 
the  temperature  profile  (1).  A  particularly  daunting  problem  has 
been  the  chemical  description  of  the  heterophase  reaction  zone  at 
the  surface  of  a  burning  propellant.  The  chemistry  of  this  region 
is  important  because  it  connects  the  flame  charccteristics  to  the 
formulation  of  the  propellant.  During  combustion,  this  condensed 
phasc-to-gas  phase  transition  zone  is  specially  thin,  has  a  steep 
temperature  gradient  and  has  a  microstructure  of  mixed  phases  that 

are  shown  in  Figure  1.  No 
exper  imental  ly  - based 
description  cf  the  chemical 
details  of  this  reaction  zone 
has  been  possible  while  the 
flame  is  present.  An 

alternate  approach  to  gain  the 
reguired  information  is  to 
simulate  the  conditions  of  the 
surface  zone  in  a  manner  that 
enables  spectroscopic 
diagnostics  to  be  conducted. 
Hence,  the  larger  part  of  this 
article  is  devoted  to  the  use 
of  FTIR  spectroscopy  tc 
characterize  dynamically  the 
simulated  surface  reaction 
zone  of  a  burning  propellant. 
The  applications  of  FTIR 
spectroscopy  to  characterize 
the  flame  zone  conclude  the 
article.  The  use  of  FTIR 
spectroscopy  to  characterize 
recovered  samples  or  with 
time-delayed  analysis  is  not 
Figure  l.  The  gemermlised  1-D  covered  because  of  space 

•urfmee  rmeetiom  some  of  a  limit^w^ons. 

burmlmg  propellmmt 


DARK  ZONE- 
PRIMARY  FLAME 
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FTIR  spectroscopy  has  the  advanta<;e  over  dispersive  IR  aethods  when 
high  energy  throughput,  rapid  data  acquisition  and  broad  band  IR 
spectra  are  required.  For  real  or  near  real-time  data  acquisition, 
a  research  grade  rapid-scanning  FTIR  spectrometer  (RSFTIR)  is 
invaluable.  Fortunately,  commercial  instrumentation  is  available 
so  that  little  space  needs  to  be  devoted  to  the  theory  and  practice 
of  FTIR  spectrometry  [2]. 

The  RSFTIR  spectrometer  takes  advantage  of  the  fact  that  both  the 
forward  and  reverse  motions  of  the  moving  mirror  of  a  Michelson 
interferometer  can  generate  all  of  the  spectral  information.  This 
fact,  coupled  with  a  high  mirror  velocity  and  a  very  stable 
interferometer,  allows  mid-IR  spectra  to  be  collected  at  60-80 
scans  per  second  with  16-32  cm  ’"  resolution.  A  mercury-cadmium- 
telluride  (MCT)  detector  and  digital  signal  processing  provide  a 
low  noise  signal  in  which  absorbances  from  all  IR  active  species 
are  clearly  evident  in  a  single-scan  spectrum.  The  interfeiograns 
acquired  in  this  way  are  stored  independently  by  fast  analog- 
digital  transfer  with  the  time  attached  to  each  interferogram.  At 
a  later  time,  the  intferferrgraas  are  tran.sformed  to  spectra.  The 
operator  can  manipulate  many  of  the  parameters  of  the  data 
collection  and  Fourier  transformation  to  optimize  the  scan  speed, 
resolution  and  spectra  details.  We  settled  on  a  scan  speed  of  ten 
scans/sec  at  4  cm  ’  resolution  as  optimal  for  our  research. 
However,  a  faster  scan  speed  could  have  been  chosen  while 
sacrificing  resolution.  .Modifications  of  the  sample  compartTuent 
may  also  be  reejuired  to  be  compatible  with  the  conditions  of  the 
exp>€riment.  For  example,  a  high  temperature  flame  can  heat  the 
optics  and  create  interference  patterns.  This  can  be  eliminated  by 
the  use  of  vedged  windows. 

Perhaps  the  most  important  consideration  in  the  solution  of 
combustion  and  explosion  problems  by  FTIR  spectroscopy  is  the 
design  of  sample  cells  that  simulate  the  conditions  appropriate  for 
the  event  being  sought.  Most  of  our  effort  has  gone  into  this  are.t 
and  is  viescribed  next. 


AMALYSX8  OP  SbRPACE  PYROLYSIS  PROCESSES  BY  PTIR  SPECTROSCOPY 

FTIR  spectroscopy  is  an  effective  method  to  identify  and  qfuantify 
gases  produced  by  fast  reactions  of  solids  and  liquids,  such  as 
burning  energetic  materials  p).  When  studying  ignition, 
comljustion  and  explosion  phenomena,  the  sample  must  bo  heated 
rapidly.  To  capture  i  he  isportart  event’s,  the  FTIR  analysis  must 
be  performed  with  minimal  time  dela.  between  the  event  and 
analysis.  Hence,  the  IR  beam  should  ue  focused  as  close  to  the 
reacting  surface  as  possible  and  thr  data  collected  by  RSFTIR.  I: 
the  gases  are  evolved  into  a  cool  non-rcactivc  atmosphere,  they 
will  quench  and  be  d  tected.  Since  the  time-delay  between  the 
reaction  and  the  analysis  is  minimal,  many  relatively  reactive 
species  are  observed  with  concentrations  more  close  to  the  original 
than  when  longer  time-delays  exist.  Of  course,  the  time  delay  is 
still  large  relative  to  the  rates  of  the  elementary  reactions. 
Nevertheless,  the  instantaneous  relative  concentrations  of  the 
gases  are  observed  that  feed  the  flame  zone,  if  a  flame  were 
present.  Analysis  of  the  gas  products  ran  be  made  if  the  flame  is 
present,  but  the  flame  zone  products  tei>d  to  dominate  the  reactive, 
near-surface  products  in  this  case. 


rriR  apECTSoscoPY 

FTIR  spectroscopy  has  the  advantage  over  dispersive  IR  methods  wher 
high  energy  throughput,  rapid  data  acquisition  and  broad  band  IR 
spectra  are  required.  For  real  or  near  real-time  data  acquisition, 
a  research  grade  rapid-scanning  FTIR  spectrometer  (RSFTIR)  is 
Invaluable.  Fort’uiately,  commercial  instrumentation  is  availab-? 
so  that  little  space  needs  to  be  devoted  to  the  theory  and  practice 
of  FTXR  spectrometry  [2]. 

The  RSFTIR  spectrometer  takes  advantage  of  the  fact  that  both  the 
for.-fard  and  reverse  notions  cf  the  moving  mirror  of  a  Kichelson 
interferometer  can  generate  all  of  the  spectral  information.  This 
fact,  coupled  with  a  high  mirror  velocity  and  a  very  stable 
interferometer,  allows  mid-IR  spectra  to  be  collected  at  60-80 
scans  per  second  with  16-32  cm'‘  resolution,  A  mercury-cadmium- 
telluride  (MCT)  detector  and  digital  signal  processing  provide  a 
low  noise  signal  in  which  absorbances  from  all  IR  active  species 
are  clearly  evident  in  a  single-scan  spectrum.  The  interferograms 
acquired  in  this  way  are  stored  independently  by  fast  analog- 
digital  transfer  with  the  time  attached  to  each  inter ferogram.  At 
a  later  time,  the  interferograms  are  transformed  to  spectra.  The 
operator  can  manipulate  many  of  the  parameters  of  the  data 
collection  and  Fourier  transformation  to  optimize  the  scan  speed, 
resolution  and  spectra  details.  We  settled  on  a  scan  speed  of  ten 
scans/ sec  at  4  cm'^  resolution  as  optimal  for  our  research. 
However,  a  faster  scan  speed  could  have  been  chosen  while 
sacrificing  resolution.  Modifications  of  the  sample  compartment 
may  also  be  required  to  be  compatible  with  the  conditions  of  the 
experiment.  For  example,  a  high  temperature  flame  can  heat  the 
optics  and  create  interference  patterns.  This  can  be  eliminated  by 
the  use  of  wedged  windows. 

Perhaps  the  most  important  consideration  in  the  solution  of 
combustion  and  explosion  problems  by  FTIR  spectroscopy  is  the 
design  of  sample  cells  that  simulate  the  conditions  appropriate  for 
the  event  being  sought.  Most  of  our  effort  has  gone  into  this  area 
and  is  described  next. 
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ANALYSIS  07  SURFACE  PYROLYSIS  PROCESSES  BY  FTIR  SPECTROSCOPY 

FTIR  spectroscopy  is  an  effective  method  to  identify  and  quantify 
gases  produced  by  fast  reactions  of  solids  and  liquids,  such  as  $ 

burning  energetic  materials  [3].  When  studying  ignition, 
combustion  and  explosion  phenomena,  the  sample  must  be  heated 
rapidly.  To  capture  the  important  events,  the  FTIR  analysis  must 
be  perfotmed  with  minimal  time  delay  between  the  event  and 
analysis.  Hence,  the  IR  beam  should  be  focused  as  close  to  the 
reacting  surface  as  possible  and  the  data  collected  by  RSFTIR.  If  | 
the  gases  are  evolved  into  a  cool  non-reactive  atmosphere,  they 
will  quench  and  be  detected.  Since  the  time-delay  between  the 
reaction  and  the  analysis  is  minimal,  many  relatively  reactive 
species  are  observed  with  concentrations  more  close  to  the  original 
than  whan  longer  time-delays  exist.  Of  course,  the  time  delay  is 
still  large  relative  to  the  rates  of  the  elementary  reactions.  | 
Nevertheless,  the  Instantaneous  relative  concentrations  of  the 
gases  are  observed  that  feed  the  flame  zone,  if  &  flame  were 
present.  Analysis  of  the  gas  products  can  be  made  If  the  flame  is 
present,  but  the  flame  zone  products  tend  to  dominate  the  reactive, 
near-surface  products  in  this  case. 


163 


^  ^  UlltS  Cn6B.lCAi. 

processes  in  tJxe  b^'.minq  surface  reaction  zone  is  T-jtuap/FTIR 
spectroscopy  [4}.  The  technique  is  based  on  recreating  a  "snap 
shot"  view  of  the  reaction  zone  of  a  burning  surface  (Figure  l) , 
which  is  a  thin  layer  of  rapidly  heated  material.  This  scenat*io  is 
produced  by  T-jump/FTIH  spectroscopy  in  which  a  thin  film  of 
material  is  heated  at  200C0*C/sec  to  a  constant  chosen  temperature 
while  simultaneously  monitoring  the  heat  flow  to  the  film  and 
determining  tlie  gaseous  products  released  in  near  real-time. 
Figure  2  shows  Che  essential  details  of  this  experiment. 


Figure  2.  The  T-jump/PTlR  experiment 

Typically,  approximately  200  Mg  of  polycrystalline  sample  is  spread 
on  a  Ft  ribbon  filament  thet  is  housed  in  a  gas-tight  IR  cell 
having  about  25  cm^  internal  volume.  The  call  is  flushed  with  Ar 
ond  pressurized  as  desired .  The  filament  is  heated  by  a  power 
control  unit  at  about  2000* C/sec  to  a  constant  temperature  in  the 
240-500 ‘C  rrnge  depending  on  the  sample.  Control  is  achieved  by 
rapidly  sensing  the  Pt  resistance.  Endothermicity  and 
exotiiermicity  of  the  sample  is  detected  by  monitoring  the  control 
voltage  required  to  maintain  constant  resistance.  The  difference 
control  voltage  ir  obtained  by  subtracting  the  voltage  of  the 
flleuaent  without  sample  from  the  voltage  when  the  sample  is 
present.  A  negative  excursion  represents  an  exotherm  of  the 
sampl«^ . 

Because  of  the  small  mass,  the  sample  temperature  is  relatively 
uniform.  However,  the  interfacial  heat  transfer  is  complex.  The 
sample  and  the  filament  form  a  reaction  zone  that  contains  the  gas 
and  condensed  phase  in  close  contact  with  the  heat  source.  From 
the  point  jf  view  of  the  chemistry  of  the  heterophase  surface,  this 
condition  qualitatively  resembles  a  surface  during  combustion. 
Instead  of  foralng  a  flame,  the  decomposition  products  rise  into 
and  are  quenched  by  the  cool  Ar  atmosphere.  The  beam  of  the  RSFTIR 
spectrometer  is  positioned  about  3  mm  above  the  sample  surface. 
Collection  of  complete  IR  spectra  every  100  msec  gives  the 
identity,  sequence  of  formation,  and  relative  concentrations  of  the 
products. 

The  IR  absorbances  of  each  product  are  converted  to  concentrations 
by  multiplying  the  absorbance  of  a  characteristic  vibrational  mode 
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TabUi  1 

The  MuitipUcative  Factor  F  used  in  Relative 
Percent  ConoeotnaaQ  Cakulatioos 

Gas  Absorbance,  cm'*  F 


HNCO 


CH2O 

HNO3 

NO, 

HCOOH 

NH3 

HONO  (cis) 
HONO  (trans) 


2349  (R) 
2274  (K) 
2224  (R) 
2143  (P) 
1876  (R) 
1744  (R) 


968(0) 
856(0) 
794(0) 
713  (0) 
3020(0) 


by  a  factor  F  derived  from  the 
tUasolute  absorbance  [5].  Table 
1  gives  the  values  of  F  used. 
In  this  way  the  rate  of 
evolution  of  the  product  is 
ascertained.  XR  inactive 

products  are  not  detected.  HjO 
is  frequently  detected  but  was 
not  quantified. 


Surface  Chemistry  of  Nitramines 

Nitramines,  such  as  HMX  and  RDX, 
are  especially  important  as 
minimum  smoke,  high  energy 
explosive  and  propellant 
ingredients.  The  decomposition 
of  HMX  [6]  and  RDX  [7]  is 
similar  and  so  only  RDX  will  be 
described. 


N 

r  ^ 


C2H4 _ 949 _ 7,5  Figure  3  shows  T-jump/FTIR  data 

for  a  thin  film  of  RDX  heated  at 

- _ II - — —  2000*C/sec  to  263 ’C  and  then 

HQ  2974  (R)  10.3  held  isothermally  while  IR 

- - -  spectra  of  the  near-surface  gas 

•refereoce  courpound  products  are  recorded .  The 

'’estimated  global  decomposition  branches, 

g  ‘sum  of  CIS  and  trans  intensity  R1  and  R2  occur  for  bulk  RDX  and 

.  HMX.  R1  and  R2  imply  that  NjO 

and  NO2  should  form  simultaneously  with  CH^O  and  HCN.  This  is  not 
found  at  any  temperature  studied.  Rather,  NjO  and  NO2  appear  before 


RDX  — *  3  (N2O  +  CH2O) 


RDX  3  (NO2  +  HCN  +  H) 


CK2O  and  HCN,  which  form  from  the  residue  left  by  elimination  of  NjO 
and  NO2.  This  residue  is  a  mixture  of  products  like 
hydroxymethyl formamide  and  acetamide  [8-11],  which  decompose  and 
delay  the  release  of  CHjO,  HCN  and  HNCO  [11,12].  ^ 

The  total  IR  absorbance  of  the  products  accelerates  between  3.5  and 
5.0  sec  despite  the  constant  heat  flow  from  the  filament,  which 
implies  that  autocatalysis  occurs  in  this  stage  of  decomposition  of 
HMX  and  RDX.  Moreover,  the  control  voltage  trace  in  Figure  3 
reveals  only  mild  exothermicity  between  3.5  and  4.5  sec  when  R1  and 
R2  dominate.  Thus,  these  reactions  release  little  energy  in  the  * 
condensed  phase. 

A  runaway  exotherm  develops  at  4.5  sec.  The  secondary  reaction  R3 
appears  to  be  responsible  because  CH2O  and  NO2  are  consumed  as  NO, 
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CO,  and  HjO  appear.  Figiure  3  snows  that  more  NO  them  co  forms  in 

SCHjO  +  TNOj  —  7N0  +  3CO  +  2CO2  +  SHjO  (R3) 

accordance  with  R3.  R3  is  highly  exothermic  as  written  (AH  »  -320 
kcal)  and,  by  the  large  exotherm  in  Figure  3,  it  is  the  main  source 
of  heat  in  the  heterogeneous  condensed  phase.  These  conclusions 
also  apply  at  360*C  (Figure  3)  except  that  the  time-scale  is 
compressed.  Hence,  this  description  of  the  decomposition  of  ROX  at 
263 *C  applies  as  well  at  the  surface  reaction  zone  temperature  (350 
-  400 *C)  during  combustion.  However,  the  branching  ratio  of  R1 
and  R2  depends  on  temperature  and  favors  R2  at  higher  temperature 
[6].  This  finding  is  illustrated  by  Figure  4,  where  the  final 


Time  (sec)  Time  (sec) 


Figure  3.  The  gas  products  and  heat  change  of  RDZ 
at  263 *C  zmd  360 *C  under  4  atm  Ar 


Temperature  (  C) 


Figure  4.  The  calculated  and  experimental  temperature 
dependence  of  the  R1/R2 
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NjO/NCj  product  concantration  ratio  is  plotted  vs.  the  temperature 
to  which  the  sample  was  T-jumped.  Also  shown  is  the  ratio  of  the 
rate  constants  and  k2  representative  of  R1  and  R2,  respectively, 
given  by  Melius  [13].  The  agreement  in  the  trends  is  reasonably 
good  indicating  that  the  rates  of  the  semi-global  decomposition 
branches  R1  and  R2  can  be  experimentally  verified. 

ki  =  10“  exp{-36000/RT)  sec 
k2  =  2  X  10“  exp(-45000/RT)  sec 


Surface  Chemistry  of  NH^CIO^ 

In  excess  of  1000  reactions  may  be  involved  in  the  decomposition 
and  combustion  of  ammonium  perchlorate  (AP) ,  NH4CIO4,  [14]  because 
of  the  presence  of  four  elements  and  the  full  range  of  oxidation 
states  utilized  by  nitrogen  and  chlorine.  A  limited  chain  reaction 
scheme  of  10  reactions  employed  by  Guirao  and  Williams  [15]  to 
model  AP  combustion  was  expanded  to  80  reactions  by  Ermolin,  et 
al.,  [14]  to  simulate  the  gas  products  in  the  flame  zone  measured 
by  microprobe-mass  spectrometry  [16].  Of  the  many  reactions, 
Guirao  and  Williams  and  Ermolin,  et  al.,  both  emphasize  the 
important  role  that  R4  plays  in  controlling  the  rate  of  the  gas 
phase  scheme. 


HCIO4  +  HNO  — *  NO  +  ClOj  +  Hyp  (R4) 

T-Jump/FTIR  spectroscopy  [4]  has  the  potential  to  provide  evidence 
of  R4  as  well  as  other  aspects  of  the  rapid  decomposition  mechanism 
of  AP.  For  example,  during  the  rapid  decomposition  of  bulk  AP,  a 
drop  in  the  HC104(g)  production  accompanied  by  a  sharp  rise  in  the 
NO  and  H2O  concentrations  during  the  stage  of  rapid  heat  release 
would  be  good  evidence  for  R4  in  the  heterogeneous  gas-condensed 
phase.  Figure  5  shows  the  change  of  concentration  of  the  gas 
products  from  AP  measured  from  the  absorbances  by  RSFTIR,  along 


figure  S.  Gee  products  mad  the  beet  ohmage  of  IIH4CIO4  mt  440  *c 
uader  13  mta  Ar 


wicn  cne  neat  caiance  sensea  by  the  Pt  control  voltage  [17]. 
Before  the  exotherm,  IR  active  gas  products  are  first  detected  at 
about  5  sec  and  consist  of  HNOj,  NOj,  N20,  HjO,  HCIO4,  and  HCl04(ag)  . 
The  rise  in  gas  product  concentrations  over  the  next  few  seconds 
indicates  that  the  amount  of  sample  decomposing  gradually 
increases.  The  overall  process  is  exothermic  because  the  control 
voltage  acguires  a  slight  negative  slope  during  this  time. 

The  initial  decomposition  reaction  of  AP  is  widely  regarded  to  be 
dissociative  evaporation  R5.  Evidence  of  this  reaction  exists 

NH*C10*(s)—  NHjCabsd)  +  HClO*(absd)—  NH3(g)  +  HClO*(g)  (R5) 

below  3  atm  where  recombination  of  NH3(g)  and  HClO^Cg)  to  form 
NH^CIO* (aerosol)  is  observed  in  the  IR  spectrum.  Below  13  atm  Ar, 
no  NHjClO^ (aerosol)  and  NH3  are  detected,  but  HCIO^  is  present, 
mostly  in  the  hydrated  form.  The  fact  that  some  HCIO*  survives  to 
reach  the  cool  atmosphere,  whereas  NH3  does  not,  may  simply  result 
from  the  fact  that  AP  is  over  oxidized.  Not  all  of  the  HCIO*  is 
needed  to  oxidize  NH3.  Hydrated  HClO*  from  AP  was  confirmed  by  the 
match  of  the  CIO/  asymmetric  stretching  mode  with  that  of  the  gas 
phase  above  a  rapidly  heated  70%  HCIO^  solution  [17]. 

The  NH3  from  R5  is  oxidized  very  rapidly  in  the  heterogeneous  gas- 
condensed  phase  zone  by  HClO*.  No  NH3  survives  to  reach  the  IR  beam 
becaufco  the  inversion  doublet  at  968  and  932  cm'^  is  absent.  The 
reduction  product  of  HClO*  is  Clj  because  no  HCl(g),  hydrated  HCl, 
or  NH*Cl (aerosol)  are  observed  in  this  stage  of  decomposition.  NO2, 
NjO,  HNO3  and  HjO  are  products  of  ammonia  oxidation.  HNO3  may  simply 
result  from  hydrolysis  of  NOj  and,  as  such,  would  not  be  an 
important  product  were  a  flame  present.  NjO  can  form  by  R6. 
Preventing  the  build-up  of  HNO  {vide  infra)  by  R6  would  be  one  of  the 
chemical  ways  that  AP  is  able  to  decompose  slowly  at  lower 
temperature  without  developing  a  runaway  release  of  heat. 

2HNO  —  NjO  +  HjO  (R6) 

The  development  and  growth  of  the  exotherm  of  AP  in  Figure  5  is  a 
sharp  event.  The  gas  product  concentrations  during  the  exotherm 
are  unusual  in  the  occurrence  of  the  large  pulse  of  NO,  HCl  and 
HjO.  The  HClO*  concentration  remains  at  or  below  the  pre-exotherm 
level.  The  behavior  of  HClO*,  NO  and  HjO  is  fully  consistent  with 
a  major  role  of  R4  in  the  acceleratory  exothermic  phase  of  AP 
decomposition.  R4  increases  in  importance  and  ultimately  controls 
the  overall  rate  because  HNO  accumulates  with  time  [14].  At  the 
time  when  R4  dominates  the  rate,  R6  is  largely  bypassed  as 
evidenced  by  the  fact  that  the  final  concentration  of  NjO  is  only 
approximately  double  the  pre-exotherm  value.  Because  of  their 
reactivity  and  short  life-time  at  the  temperature  of  the 
experiment,  HNO  and  CIO3  are  not  detected.  In  fact,  for  the  same 
reason,  no  chlorine  oxides  or  HClO  are  observed,  but  they  are  by 
mass  spectrometry  [14,16].  HNO  has  also  been  detected  by  mass 
spectrometry  in  the  decomposition  of  AP  in  other  work  [18]. 

The  importance  of  Cl-0  homolysis  of  HClO*  in  initiating  and  perhaps 
controlling  rapid  decomposition  of  AP  has  been  repeatedly 
emphasized  in  many  studies.  It  is  highly  likely  that  a  fundamental 
role  exists  for  HNO  in  the  sense  that  products  of  both  the  early 
stage  and  exothermic  stage  are  consistent  with  reactions  of 
involving  HNO.  R4  plays  a  major  role  in  the  regression  rate  of  AP. 


Surfaea  Cheaiatry  of  AuoniuB  Hitrata  and  Aamoniua  Olnltramlda 

Intarast  is  growing  in  oxidizers  that  might  replace  AP  in  solid 
propellants.  Upon  combustion,  AP  liberates  HCl  and  H2O  that  form 
an  environmentally  undesirable  plume  of  HCl(aq} .  Nucleation  of  H20 
into  droplets  by  HCl  contributes  to  a  prominently  visible 
signature.  These  detracting  features  have  rekindled  interest  in 
ammonium  nitrate  (AM) .  Unfortunately,  AN  has  a  low  surface 
temperature  and  a  low  burn  rate.  The  decomposition  chemistry  of  AN 
is  largely  responsible  for  the  low  energy  release.  For  example, 
two  major  decomposition  reactions  of  AN,  R7  and  R8,  are  endothermic 
and  mildly  exothermic,  respectively. 


NH^NOj  —  NHjCg)  +  HNOjCg) 


(R7) 


NH*N03  —  N2O  +  2H2O 


(R8) 


The  decomposition  of  AN  is  compared  to  that  of  ammonium  dinitramide 
(ADN) ,  NH*[N(N02)2]  [19]-  Unlike  AN,  ADN  decomposes  very  rapidly. 
Part  of  the  additional  energy  release  is  attributable  to  the  higher 
heat  of  formation  of  ADN  (-35  kcal/mol  [20])  compared  to  AN(-78 
kcal/mol) .  Beyond  this  difference,  the  chemical  reactions  that 
cause  ADN  to  decompose  very  exothermically  are  not  obvious  because 
the  gas  products  from  rapid  thermolysis  of  ADN  are  similar  to  those 
of  AN.  Both  compounds  liberate  HNO3,  NH3,  N2O,  NO2,  NO,  H2O  and  N^, 
although  the  mole  fractions  differ  somewhat.  By  T-jump/FTIR 
spectroscopy  it  seems  likely  that  the  reaction  of  NH3  and  NO2  near 
the  surface  plays  a  major  role  in  driving  the  regression  of  the 
surface  [19]. 
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with  the  heat  balance  sensed  by  the  Pt  control  voltage  [17]. 
Before  the  exotherm,  IR  active  gas  products  are  first  detected  at 
about  5  sec  and  consist  of  HNO,,  NOj,  N2O,  HjO,  HCIO,,  and  HCl04(aq)  . 
The  rise  in  gas  product  concentrations  over  the  next  few  seconds 
indicates  that  the  amount  of  sample  decomposing  gradually 
increases.  The  overall  process  is  exothermic  because  the  control 
voltage  acquires  a  slight  negative  slope  during  this  time. 

The  initial  decomposition  reaction  of  AP  is  widely  regarded  to  be 
dissociative  evaporation  R5.  Evidence  of  this  reaction  exists 

NH*C10*(s)—  NHjCabsd)  +  HClO*(absd)—  NH3(g)  +  HClO*{g)  (R5) 

below  3  atm  where  recombination  of  NHjCg)  and  HClO*(g)  to  form 
IIH<,C104 (aerosol)  is  observed  in  the  IR  spectrum.  Below  13  atm  Ar, 
no  NH^CIO* (aerosol)  and  NHj  are  detected,  but  HC10«  is  present, 
mostly  in  the  hydrated  form.  The  fact  that  some  HClO*  survives  to 
reach  the  cool  atmosphere,  whereas  NH3  does  not,  may  simply  result 
from  the  fact  that  AP  is  over  oxidized.  Not  all  of  the  HClO*  is 
needed  to  oxidize  NH3,  Hydrated  HClO*  from  AP  was  confirmed  by  the 
match  of  the  CIO*'  asymmetric  stretching  mode  with  that  of  the  gas 
phase  above  a  rapidly  heated  70%  HClO*  solution  [17]. 

The  NH3  from  R5  is  oxidized  very  rapidly  in  the  heterogeneous  gas- 
condensed  phase  zone  by  HClO*.  No  NH3  survives  to  reach  the  IR  beam 
because  the  inversion  doublet  at  968  and  932  cm'^  is  absent.  The 
reduction  product  of  HClO*  is  Clj  because  no  HCl(g),  hydrated  HCl, 
or  NH*C1  (aerosol)  are  observed  in  this  stage  of  decomposition.  NOj, 
NjO,  HNO3  and  HjO  are  products  of  ammonia  oxidation.  HNO3  may  simply 
result  from  hydrolysis  of  NO2  and,  as  such,  would  not  be  an 
important  product  were  a  flame  present.  NjO  can  form  by  R6. 
Preventing  the  build-up  of  HNO  (vide  infra)  by  R6  would  be  one  of  the 
chemical  ways  that  AP  is  able  to  decompose  slowly  at  lower 
temperature  without  developing  a  runaway  release  of  heat. 

2HNO  — *  NjO  +  H2O  (R6) 

The  development  and  growth  of  the  exotherm  of  AP  in  Figure  5  is  a 
sharp  event.  The  gas  product  concentrations  during  the  exotherm 
are  unusual  in  the  occurrence  of  the  large  pulse  of  NO,  HCl  and 
HjO.  The  HClO*  concentration  remains  at  or  below  the  pre-exotherm 
level.  The  behavior  of  HClO*,  NO  and  HjO  is  fully  consistent  with 
a  major  role  of  R4  in  the  acceleratory  exothermic  phase  of  AP 
decomposition.  R4  increases  in  importance  and  ultimately  controls 
the  overall  rate  because  HNO  accumulates  with  time  [14].  At  the 
time  when  R4  dominates  the  rate,  R6  is  largely  bypassed  as 
evidenced  by  the  fact  that  the  final  concentration  of  N2O  is  only 
approximately  double  the  pre-exotherm  value.  Because  of  their 
reactivity  and  short  life-time  at  the  temperature  of  the 
experiment,  HNO  and  CIO3  are  not  detected.  In  fact,  for  the  same 
reason,  no  chlorine  oxides  or  HClO  are  observed,  but  they  are  by 
mass  spectrometry  [14,16].  HNO  has  also  been  detected  by  mass 
spectrometry  in  the  decomposition  of  AP  in  other  work  [18]. 

The  impoirtance  of  Cl-0  homolysis  of  HClO*  in  initiating  and  perhaps 
controlling  rapid  decomposition  of  AP  has  been  repeatedly 
emphasized  in  many  studies.  It  is  highly  likely  that  a  fundamental 
role  exists  for  HNO  in  the  sense  that  products  of  both  the  early 
stage  and  exothermic  stage  are  consistent  with  reactions  of 
involving  HNO.  R4  plays  a  major  role  in  the  regression  rate  of  AP. 
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Surface  Cheeiatry  of  Auunium  Mltrata  and  Aamoalua  Oinitraaide 

Interest  Is  growing  in  oxidizers  that  might  replace  AP  in  solid 
propellants.  Upon  combustion,  AP  liberates  HCl  and  HjO  that  form 
an  environmentally  undesirable  plume  of  HCl(aq) .  Nucleation  of  HjO 
into  droplets  by  HCl  contributes  to  a  prominently  visible 
signature.  These  detracting  features  have  rekindled  interest  in 
ammonium  nitrate  (AN) .  Unfortunately,  AN  has  a  low  surface 
temperature  and  a  low  burn  rate.  The  decomposition  chemistry  of  AN 
is  largely  responsible  for  the  low  energy  release.  For  example, 
two  major  decomposition  reactions  of  AN,  R7  and  R8,  are  endothermic 
and  mildly  exothermic,  respectively. 


NH^NOj  —  NHjCg)  +  HNOjCg) 
NH^NOj  —  NjO  +  2H2O 


(R7) 

(R8) 


The  decomposition  of  AN  is  compared  to  that  of  ammonium  dinitramide 
(ADN) ,  NH*[N(N02)2]  [19]-  Unlike  AN,  ADN  decomposes  very  rapidly. 
Part  of  the  additional  energy  release  is  attributable  to  the  higher 
heat  of  formation  of  ADN  (-35  kcal/mol  [20])  compared  to  AN(-78 
kcal/mol) .  Beyond  this  difference,  the  chemical  reactions  that 
cause  ADN  to  decompose  very  exothermically  are  not  obvious  because 
the  gas  products  from  rapid  thermolysis  of  ADN  are  similar  to  those 
of  AN.  Both  compounds  liberate  HNO3,  NH3,  N2O,  NO,,  NO,  H2O  and  N., 
although  the  mole  fractions  differ  somewhat.  By  T-jump/FTIR 
spectroscopy  it  seems  likely  that  the  reaction  of  NH3  and  NOj  near 
the  surface  plays  a  major  role  in  driving  the  regression  of  the 
surface  [19]. 
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Although  pure  AN  will  not  bum  at  1  ata,  a  sanple  can  be  driven  by 
the  T-juap  aethod  to  a  teaperature  that  is  at  or  above  the  measured 
surface  temperature  of  AN  burning  at  25  ata  or  above  ( 300-350 *C 
[21]).  Figure  6  shows  the  gas  products  and  thermal  response  of  a 
200Mg  film  of  AN  heated  at  2000*C/&ec  to  383 *C  and  held  at  383 *c. 
The  concentration  data  in  this  plot  are  based  on  the  scaled  growth 
of  the  IR  absorbance  values  for  each  product.  The  superposition  of 
several  stoichiometric  reactions  is  indicated.  Of  course,  many 
elementary  steps  are  imbedded  in  each  of  these  stoichiometric 
reactions,  but  they  are  not  determinable  by  T-jump/FTIR 
spectroscopy. 

The  first  event  is  rapid  endothermic  melting  of  AN  as  indicated  by 
the  upward  deflection  in  the  difference  control  voltage  trace.  The 
control  voltage  decreases  upon  completion  of  melting  from  0.5  -  i 
sec.  The  process  turn  markedly  endothermic  again  at  about  1  sec. 
This  second  endothennic  event  corresponds  to  the  appearance  and 
growth  of  AN  aerosol.  AN  aerosol  forms  from  the  endothermic 
dissociation  of  AN  and  desorption  to  HNO^Cg)  +  NH3(q)  ,  followed  by 
recombination  of  NHj  and  HNO3  in  the  gas  phase  (Schsme  I,  reaction 
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SCHEME  I .  PROPOSED  REACTIONS  THAT  ACCOUNT  FOR  THE  PRODUCTS  OF  HIGH 
TEMPERATURE  DECOMPOSITION  OF  AN  (see  Figure  6)  . _ 

A.  4(NH*N03(1)  —  HNO,(g)  +  NKj(g)  —  NH»N03{solid  aerosol )]  4  { 44}  ‘ 


B.  3[5NH»N03(1)  —  2HNO3  +  4Nj  +  9HjO]  3  (-35) 

C.  5[NH,N0,(1)  —  NjO  +  2H3O]  5{-13) 

D.  4NH>N03(1)  —  2NH3  +  3NO;  NO  N.  -t-  5H.0 _ 81 


A-D^  28NH*N03(1)  —  6HNO3  +  3NO3  +  NO  +  2NHj  + 

5N2O  t  13N;  +  42HjO  4 NH>NOi (aerosol)  87 


^  AH  for  the  desorption  step  only  (see  text) . 

^  Gives  the  approximate  IR  active  gas  product  ratios  at  2  sec  at 
383  *C  (Figure  6) . 


A).  Only  the  endothermic  first  step  ^f  reaction  A  is  included  in 
AH  given  for  reaction  A  because  the  second  step  occurs  in  the 
cooler  region  of  the  cell  away  from  the  filament.  Hence,  the 
exothermic  second  step  is  not  sensed  by  the  filament  However,  a 
white  smoke  of  AN  aerosol  is  visually  observed. 

Despite  the  continuation  of  reaction  A  throughout  the  decomposition 
process  as  evidenced  by  the  growth  of  the  AN  (aerosol) 
concentration,  the  decomposition  process  becomes  less  endothermic 
again  at  about  2  sec.  HjO  (not  quantified)  and  excess  HNOj  form  at 
this  time  which  is  consistent  with  the  occurrence  reaction  B.  This 
reaction  is  known  and  its  enthalpy  has  been  deduced  (22).  It  is 
exothermic  and  would  reduce  the  overall  endothermic 5 ty  of  the 
decomposition  process,  as  is  found. 

The  process  becomes  still  less  endothermic  from  2-4  sec  as  the 
amount  of  HNOj  dimini<;hes.  However,  NjO  grows  rapidly  in 
concentration  through  this  time  suggesting  that  the  exothermic 
reaction  C  plays  an  Increasingly  important  role.  However,  there  is 
evidence  of  yet  another  reaction  that  occurs  in  parallel  as 
indicated  by  the  appearance  of  NO3  and  tbe  eventual  decrease  in 
exothermicity  again  between  4-6  sec.  Also,  NO,  whose  IR  absorbance 
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is  vary  sbsII,  probably  foras  aarliar  than  is  indicataJ  in  Figure 
6.  Reaction  0  [23]  accounts  tor  these  observations.  its 
endothemicity  is  auperiaposed  on  the  ex  themicity  at  reaction  C 
and  results  in  a  leveling  of  the  control  voltage  trace  (heat  flow 
is  balanced)  at  4-7  sec.  Reaction  D  is  also  a  source  of  HH,,  which 
appears  as  a  product  for  a  much  longer  tine  than  HNOj. 

The  Bultiplicative  factors  of  the  reactions  in  Schese  I  were 
detersined  by  the  need  to  satch  the  approxinate  relative 
concentrations  of  the  gas  products  at  a  time  when  all  of  the 
reactions  contribute.  The  co.ncentrations  at  2  sec  were  chosen. 
The  stoichiometry  of  the  net  reaction  in  Scheme  I  approximates  that 
found  at  2  sec  in  Figure  6.  Although  the  enthalpy  of  the  net 
reaction  is  slightly  exothermic  as  written,  the  relative 
contribution  of  reaction  A  need  only  be  increased  somewhat  to 
produce  a  net  endothermic  process. 

The  formation  of  NHj  a.nd  NOj  by  reaction  D  raises  the  possibility 
that  the  process  could  become  exothermic  when  confined  by  pressure. 
The  reaction  of  NHj  and  NOj  becomes  rapid  and  exothermic  In  the  330- 
530*C  range  [24,25].  However,  significant  generation  of  heat 
requires  confinement  to  erJiance  the  concentration  of  NHj  and  NOj  in 
the  hot  zone  around  the  condensed  phase. 

Figure  7  shows  the  decomposition  proce.ss  of  a  200(iq  film  of  AN 
heated  at  2000*C/sec  to  415*C  under  33  atm  of  Ar.  The 
concentrations  are  shown  as  relative  percents  throughout  so  that 
the  behavior  early  in  the  decomposition  process  can  be  clearly 
seen.  The  melting  endotherm  initially  dominates.  The  heat  of 
reactions  A-D  leacing  to  the  formation  of  AN  aerosol,  NjO,  HNOj, 
KHj,  and  NOj  are  overall  endothermic  until  1.5  sec.  At  this  time 
the  concentrations  of  NHj  and  NO.  formed  by  reaction  D  drop  markedly 
and  are  accompanied  by  an  exotherm  which  suggests  that  R9  occurs. 
AH  is  about  -148  kcal  for  this  reaction  as  written.  Under  pressure, 
this  nominally  gas  phase  reaction  could  occur  in  the  heterogeneous 

2NH}  +  2NO.  — *  ri.O  *■  ♦  3H,0  (Rf) 


Figure  7.  Omm  productm  mmd  tiM  bmmt  ebmagma  of  XX«1K>,  mt  41S*C 
umder  33  mtm  of  Ar 
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Pigurtt  a.  Gas  products  aad  the  heat  change  of 

(ADM)  at  2(0 *C  under  l  ata  Ar 


SCHEME  II:  PROPOSED  REACTIOMS  RESPONSIBLE  FOR  THE  GASES 


RELEASED  BY  AON  DURING  HIGH  RATE  PYROLYSIS 


Branch  A‘ 

ADcrox, 

AH.  kcal 

3fADN  — *  NH,  +  HNOj  NjO] 

3{ 

+11.5) 

kangh  3 

a 

9 (AON  NHj  +  HN(NO,),] 

h 

9(HN(NOj),  —  NOj  +  HHNOj) 

s. 

6[HNNO:  —  NjO  +  OH) 

2(lWNOj  ♦OH  —  2NO  +  HjO) 

s 

HNNOj  +  HO  —  NOi  ♦  HNNO 

I 

HNNO  +  OH  —  NjO  ♦  HjO 

9 

3(NHj  ♦  OH  —  HjO  ♦  NHj] 

h 

3(NHj  +  HO  —  Nj  ♦  HjO] 

•  4 

1* 

9ADH  —  6NH,  ♦  7NjO  ♦  lONO,  ♦  9HjO  ♦ 

3  Hi 

-49 

Y~ 

liXoM  ^  9KH,  ♦  lONjO  ♦  l6H6,  ♦  $R.6 

3Nj  +  3  KNO, 

-14 

K 

4NH,  ♦  4HO,  —  3N,  ♦  2HO  ♦  6H,0 

-309 

r~ 

12ADH  —  5NH,  ♦  lOHjO  ♦  6NO,  ♦  15H;0 

♦ 

2NO  ♦ 

♦  6Ni  ♦  3HNOj 

-323 

2.NH,  ♦  2HNO,  —  2NK,NO,  (aerosol) 

Q* 

12At»(  —  3NH,  ♦  lOHjO  *  6NOj  +  I5H.0 

•f 

2NO  ♦  6N, 

+  KNO,  ♦  2KH,HO, 

-323 

i  Assumes  AHr  (ADKJ  =  -35  kcal/»ol,  and  AH  (HNO,(g)]  is  -31  kcal/Bol  . 
Sum  of 

^  Sua  of  Branches  A  4  B. 

*  Sua  of  reactions 

*  Occurs  in  gas  phase  away  froa  surface  so  reaction  b  is  not 

included  in  AH. 

Sua  of  1  and  ■  gives  the  approxiaate  gas  phase  stoichloaetry  at 
the  end  of  the  exothera  (Figure  B) . 
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gas-cond«nsed  phase  (eq.  bubbles  and  voids)  and  contribute  to  the 
condensed  phase  heat  balance  under  coebustion  conditions.  The 
theraal  decomposition  behavior  of  bulk  ADN  is  very  different  from 
that  of  AN  despite  the  fact  that  similar  gas  products  are  forTaev! 
upon  rapid  decomposition.  Figure  8  shows  T-jump/FTIR  data  fci  i 
200f*q  film  of  ADN  heated  at  2000*C/sec  to  260*C.  This  temperature 
compares  with  a  preliminary  surface  temperature  measurement  of 
burning  ADN  of  about  300*C  [26],  which  is  surprisingly  similar  to 
that  of  AN.  At  the  onset  of  decompcsition,  gas  products  ard,  in 
contrast  to  AN,  sharp  exothermicity  occur  instantly.  The  first 
detected  products  are  mostly  HNOj,  NHj  and  N,©  in  roughly  similar 
amounts.  Minor  quantities  of  NO;,  AN  and  H,0  are  also  present  in  the 
initial  spectrum. 

The  formation  of  HMO,,  NHj  and  N.O  in  comparable  amounts  at  the 
beginning  suggests  the  presence  of  Branch  A  in  Scheme  II.  This 
mildly  endothermic  reaction  may  have  a  role  .during  slo*/ 
decomposition  at  lower  temperatures.  It  appears  to  be  *  minor 
branch  during  rapid  heating,  especially  because  it  does  not  account 
for  the  major  heat  release  that  is  experimentally  observed. 

Branch  B  of  Scheme  II  is  proposed  to  dominate  under  rapid 
thezrmolysis  conditions  [19].  Reaction  a  of  Branch  B  is  dissociation 
of  ADN  to  produce  NH,  and  KN(NO;)..  HN(NO;)j  is  not  detected  and 
probably  hemolyses  in  the  condensed  phase  at  high  temperature  by 
reaction  fe  to  NO.  and  HNNO..  Reactions  ^  and  are  endothermic. 
Because  relatively  large  quantities  of  NHj  and  NO.  occur  early  ir 
Branch  B,  much  heat  can  be  generated  by  reaction  K  in  the  gas  phas*' 
near  the  surface  or  even  as  part  of  the  heterogeneous  qas-liqu:; 
zone  at  the  surface.  The  high  exothermicity  is  evident  in  the  large 
control  voltage  deflection  at  2.3  sec,  and  provides  the  energy  to 
complete  the  decomposition  process  very  rapidly.  Sene  of  the  Nis, 
and  NO;  remains  unreacted  because  it  escapes  to  the  cooler  region  or 
the  atmosphere.  Reactions  s^-h  are  plausible  subsequent  steps  tor 
decomposition  of  HNNO.,  but  they  ate  not  dcterai.ncd  by  T- jurap/f'TIR 
spectroscopy.  They  are  simply  proposed  as  reasonable  sources  of 
stable  products  in  the  quantities  detected.  The  net  reaction  i  cf 
Branch  B  is  mildly  exothermic.  Combining  Branches  A  and  B 
the  exothermic  reaction  j,.  Adding  sose  gas  phase  recombination  o! 
NH,  and  HNOj  (reaction  f)  to  account  for  the  observed  AN  solid 
aerosol  yields  reaction  o.  whose  stoichio.Tetry  approximates  the 
experimentally  observe.!  gas  product  ratios  observed  at  2.S  stc  ir. 
Figure  8.  Reaction  o  is  strongly  exothermic  latgely  be  luse  cf 
reaction  which  is  the  reaction  of  NH,  with  KG;. 

For  both  AN  and  ADN,  the  exothermic  NH,  no.  reaction  appe-irs  tc 
dominate  the  heat  release  stage.  In  the  c.asc  of  AS  the  cxnthern 
occurs  only  under  a  large  applied  pressure  is  accompanied  by  a  drop 
in  the  amount  of  NH,  and  NO.  that  appear  in  t.he  gas  pha.-e.  Although 
the  reaction  of  NH,  and  NO;  appears  to  be  resj^onsiblG  for  this 
exotherm,  the  amount  of  NM,  and  NO;  is  sm.iller  for  AN  than  for  Ar=N 
and,  therefore  much  le.ss  heat  is  generated. 

The  rapid  decomposition  process  of  ADN  is  strongly  exothermic  early 
in  the  reaction  scheme.  This  behavior  is  consistent  with  the  case 
of  formation  of  a  large  amount  of  .NH,  artd  HO-  in  the  early 
decomposition  steps.  Because  the  reaction  of  NH,  and  NO.  can 
dominate  early  and  produces  a  large  amount  of  heat,  the  overall 
decomposition  atwi  gasification  process  is  driven  at  a  much  higher 
rate  for  ADM  than  AH.  Therefore,  for  both  AN  and  ADM  the  reaction 
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of  HH]  with  NOj  is  implicated  as  the  main  source  of  heat  when  the 
pure  material  is  decomposed  at  high  temper<« -e .  For  AN  this 
reaction  only  becomes  impox^ant  under  conf im  _  such  as  by  the 
application  pressure. 


18  PYROLYSIS  OF  THIN  FILMS  RELATED  TO  THE  BORNING  SURFACE? 

Good  evidence  that  the  rapidly  heated  thin  film  is  a  surface 
simulation  cooes  from  the  SMATCH/FTIR  method  (SMATCH  stands  for 
simultaneous  mass  and  temperature  change)  [27]  in  which  a  film  of 
uniform,  chosen  thickness  (20-60pn)  is  heated  at  >  150*C/sec  while 
the  dynamic  mass  change,  temperature  change,  and  gas  products  are 
all  measured  simultaneously.  The  burn  rate  r  calculated  from 


Figure  9.  A  side-view  of  the  8KATCI/FTIR  sempling  device 

SMATCH/FTIK  kinetics  matches  r  from  bulk  combustion  measurements  at 
the  same  pressure  [28-31].  Hence,  the  heat  flow  conditions  are 
similar  to  these  ot  the  surface  reaction  zone  during  bulk 
combvistion.  By  inference,  other  techniques  designed  for  fast, 
controAled  heating  of  a  thin  film,  such  as  T-iump/FTIR  [4],  that  are 
al.so  specifically  designed  for  chemical  studies,  give  extensive 
details  of  the  surface  reaction  zone. 

Details  of  SKATCH/FTIR  and  spectroticopy  are  given  elsewhere  [27-30], 
but  are  briefly  summarized  here.  As  shown  in  Figure  9.  SMATCH/FTIR 
employs  a  cantilevered  quartz  tube  whose  vibrational  frequency 
de(>enCs  on  the  sample  mass.  Typically,  0.2  -  0.8  mg  of  sample  was 
painted  ontj  a  metal  tip  attach^  to  the  tube  giving  a  uniform  film 
of  16  -  -«4  M*  thickness.  If  the  film  thickness  is  not  uniform,  then 
the  experiment  fails.  The  oetal  end-tip  was  heated  by  RF  induction 
at  a  chosen  rate  in  the  100  -  200*  C/sec  range.  The  sample 

atmosphere  was  I  atm  of  Ar.  The  heati.nq  rate  and  film  thickness  are 
matched  so  t.hat  the  heat  transfer  is  fast  enough  to  give  a 
reasonably  uniform  temperature  through.out  the  film  [28].  The 
dynamic  weight  change  of  the  sample  was  measured  by  the  change  in 
tha  vibrational  frequency  of  the  tube.  Data  were  recorded  at  160 
Hz  which  provides  enough  points  on  the  weight-loss  crirve  to  be 
confident  of  fitting  the  shspe  by  El.  a  iu  tht  degree  of 

l-«  -  y  a.t  (Kl) 
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conversion  and  t  is  ties.  Typically,  El  vas  applied  for  the  initial 
50%  of  weight  loss.  The  teaperature  was  measured  by  a  type  E 
thermocouple  spot-welded  to  the  metal  end-tip  and  in  contact  f*ith 
the  sample  film,  infrared  spectra  cf  the  decomposition  gases  were 
measured  about  3  mm  above  the  metal  end-tip  by  using  RSFTIR  (10 
scan/sec,  4  resolution) . 

The  reduction  of  SMATCH/niR  temperature  and  wexght  change  data  from 
El  and  its  derivative  are  raiatod  to  Arrhenius  parameters  by  E2. 

4^  *  (E2) 


nearrangement  of  E2  yields  E3,  vhich  is  a  straight  line  by  the 
appropriate  choice  of  n.  n=2  linearisies  most  SMATCH/FTIR  data  and 
has  been  rationalized  elsewhere  [28].  Modified  versions  of  the 
pyrolysis  law,  E4  nd  E5,  where  h  is  the  experimental  film 


JE3) 


thickness,  can  be  used  to  calculate  the  regression  rate,  r,  in 
mm/ sec  from  the  SMATCH/FTIR  Arrhenius  constants  at  the  pressure  and 
temperature  of  the  experiment  (2S-31].  T  is  the  average  temperature 
daring  the  initial  50%  of  the  weight  loss.  E4  and  E5  apply  provided 
h  approximates  the  surface  reaction  zone  thickness  at  1  atm.  A 
value  of  h  =  20  -  60  •’n  if  aasonable  at  1  atm  [32]. 


j  Tible  2 

||  Bum  Rate  Comparisons 

Compound 

SMATCH  Strand  I 

burner  g 

AP 

0.11 

0.25 

HMX 

0.37 

0.5 

RDX 

0.38 

0.38 

DNNC 

0.27 

0.2? 

13  %N  NC 

0.3 

GAP 

1.35 

■a  1  1  'aassaaesas 

r  =  (E5) 

Table  2  compares  the  regression 
rates  of  various  energetic 
materials  computed  by  E4  and  E5 
at  1  atm  from  SMATCH/FTIR  data 
and  the  values  measured  at  1  atm 
or  extrapolated  from  higher 
pressure  to  1  atm  from  combustion 
bomb  data.  The  reasonably  good 
match  suggests  that  the  rate  and 
characteristics  of  heat  transfer 
to  the  thin  film  are  equal  to  or 
scale  to  those  at  the  surface 
during  combustion. 


FTZR  Measurements  of  Flames 

Reactive  two-phase  flows,  especially  in  flames,  are  usually  produced 
when  propellant  formulations  bum.  This  is  because  many  solid 
rocket  propellants  contain  fuels,  such  as  A1  or  B,  that  burn  to  the 
solid  oxile.  Inert  solids,  such  as  ZrC,  are  sometimes  added  to  help 
dampen  combustion  oscillations.  Tne  solid  particles  appear  as 
smoke.  A  similar  particle  laden  flow  can  exist  in  hydrocarbon  and 
coal  combustion  were  the  combustion  gases  might  be  mixed  with  soot, 
fly  ash  and  char. 


In  rscenc  years  severar  ceuiuix4u«M>  u«tve  uwn  uasea  on  irriR 
emission/transnission  spectroscopy  (FTIR  E/T)  that  enable 
seasureaents  to  be  sade  of  particle  and  gas  concentrations  and 
teaperatures  in  hot  flows  [SS-S?].  Specifically,  1)  the  teaperature 
and  concentration  of  the  particle  and  soot  phases  have  been  aaasured 
separately  in  an  ethylene-air  diffusion  flame  [34];  2)  measurements 
have  been  made  in  densely  loaded  particle  streams  [34];  and  3) 
particle  sizes  have  been  measured  [35].  Although  most  measurements 
have  been  line-of -sight,  it  has  been  recently  shown  that  Fourier 
image  reconstruction  can  be  used  to  obtain  absorbance  and  emittance 
spectra  spacially  resolved  in  about  1  x  1  x  4  mm  volume  [37]. 

The  FTIR  E/T  method  offers  promise  for  studying  propellant  flames 
in  which  the  number  of  scattering  particles  is  not  unusually  large. 
However,  an  additional  experimental  complication  to  propellant 
combustion  studies  is  that  the  surface  burns  as  a  regressing  front. 
Therefore,  a  moving  stage  is  needed  to  main^'ain  the  position  of  the 
propellant  flame  relative  to  the  IR  beam.  This  requirement 
contrasts  with  the  simpler  flow  reactor  designs  that  can  be  used  tc 
study  premixed  gas  flames  and  coal  particle-gas  flames.  Recently, 
FTIR  emission  spectra  have  been  recorded  on  flames  of  AP  and  HTPB 
binder  [38].  A  moving  stage  with  servo  feedback  control  was  used 
to  maintain  the  position  of  the  propellant  in  the  IR  beam.  Figure 
10  shows  the  IR  emission  spectrum  of  the  gas  products.  COj,  CO,  HjO, 
HCl  and  fragments  of  HTPB  are  detected.  In  addition,  NH3  and  HC10<, 
were  also  detected  indicating  that  AP  sublimes  to  some  extent  under 
combustion  conditions.  Recently  considerable  advancement  has  been 
made  by  Thynell,  Kuo  and  coworkers  [391  toward  understanding  IR 
spectral  emission  variables  of  propellant  combustion  in  a  manner 
that  provides  species  concentration  and  temperature  profiles. 
Fuirther  studies  are  described  in  a  paper  by  Huang,  et  al.,  in  this 
Symposium, 


Figure  10.  Sixteen  coadded  emission  spectra  of  the  AP-HTFB  flame 
sone  assuming  T  s  isoo  X  (ref.  38) 

Computed  tomographic  reconstruction  has  recently  been  used  by 
McNesby  and  Fifer  [40]  to  obtain  species  profiles  from  FTIR  spectra 
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as  a  function  height  and  lateral  distribution  eUsove  a  CH^/NjO  low  I 
pressure,  prenixed,  flat  flane  burner.  Discrinination  of  cold 
interferences  from  the  hot  gas  distribution  is  made.  FTIR 
spectroscopy  has  been  used  to  obtain  high  resolution  absorption 
spectra  of  the  major  steady-state  species  in  premixed  C2N2-N02  [41] 
and  HCN-NO2  [42]  burner  flames.  Reactions  involving  these  gases  are 
believed  to  be  among  the  more  important  ones  in  certain  rocket  and  I 
gun  propellant  flames  produced  by  nitramines.  The  high  temperature 
of  these  flames  required  modifications  to  be  made  to  the  IR 
spectrometer.  For  example,  temperature  gradients  in  various  parts 
of  the  optical  bench  were  caused  by  the  flame  and  led  to  channel 
spectra.  Plane  windows  were,  therefore,  replaced  by  wedge  windows 
to  reduce  this  problem.  The  high  infrared  emissivity  of  the  flame  I 
required  the  use  of  a  long-pass  IR  filter  and  a  high  intensity 
giobar  to  obtain  quality  spectra.  With  these  modifications  detailed 
studies  have  been  made  of  the  species  concentration  profiles  and 
temperature  as  a  function  of  distance  above  the  burner  surface.  The 
temperature  was  extracted  from  the  rotational  band  intensities  of 
CO  in  various  parts  of  the  flame.  When  coupled  with  simulations  of  I 
the  kinetics,  it  could  be  concluded  that  the  flame  chemistry  is 
dominated  by  oxygen  atoms  [42].  The  production  of  oxygen  atoms 
increases  the  burn  rate  while  their  consumption  decreases  the  burn 
rate. 
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Thermal  Decomposition  of  Energetic  Materials  58. 
Chemistry  of  Ammonium  Nitrate  and  Ammonium  Dinitramide 
Near  the  Burning  Surface  Temperature 

T.  B.  BRILL*,  P.  J.  BRUSH,  and  D.  G.  PATIL 
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Tlic  r;ipiJ  pyrolysis  s'hL’inislry  of  films  of  ammonium  niiralc  i.\N).  NH,N()..  and  ammonium  dinliramidc 
(.-\DN>,  NHi  [NINO,).],  al  lifmporaturcs  approximating  a  hurning  surface  is  dcssTibcd  bv  the  use  of 
T-jump  Tourtcr  transform  infrared  (bTIR)  specir<)sc,>py.  The  'equonce  iif  appearance  and  iniouais  iif  each 
gas  product  combine.:  .vith  the  net  endoihermiciiy  and  exothermicity  of  the  process  at  each  lime  enables 
consistent  reaction  schemes  to  be  developed.  Tlie  decitmpositton  vif  the  condensed  phase  of  \.N  is  net 
endothermic  up  to  at  least  .’3  atm.  .-Mthough  dissssciative  sublimation  and  the  formation  oi  N.O  and  H  .1) 
dominate  the  overall  process,  the  superposition  of  two  additional  reactions  is  needed  to  .iccount  for  .ill  oi  the 
products  observed  from  AN.  .ADN  becomes  highly  exothermic  verv  early  in  the  decomposition  process.  The 
superp.)sition  of  two  stoichiometric  reaction  branches  explains  this  behavior.  The  spectra  and  thermal 
responses  are  consistent  with  the  reaction  of  NH  ,.  with  NO.  being  the  major  source  of  heal  relea.sed  durim: 
the  decomposition  of  AN  above  3j  atm  and  .\DN  .11  I  atm  and  higher. 


INTRODUCTION 

Interest  is  growing  in  o.xidizers  that  might  re¬ 
place  ammonium  perchlorate  (AP)  in  solid 
propellants.  On  combustion.  .AP  liberates  HCl 
and  H,0.  which  form  an  environmentally  un¬ 
desirable  plume  of  hydrochloric  acid.  Nude- 
ation  of  H,0  into  droplets  by  HCl  contributes 
to  a  prominently  visible  signature.  These  de¬ 
tracting  features  have  rekindled  interest  in  am¬ 
monium  nitrate  (AN)  as  a  possible  substitute 
oxidizer.  Unfortunately,  AN  has  a  low  surface 
temperature  and  a  low  burn  rate.  Athough 
these  problems  are  somewhat  alleviated  by  for¬ 
mulating  AN  with  a  reactive  metal,  such  as 
magnesium,  the  decomposition  chemistry  of 
AN  is  largely  responsible  for  the  low  energy 
release.  For  example,  two  major  decomposition 
reactions  of  AN  ( 1  and  2)  arc  endothermic  and 
mildly  exothermic,  respectively. 

NH4NO, -NHj(g)  ■t-HN03(g)  (1) 

NH4NO3  -  NjO  +  2H,0  (2) 


*  Correxponding  author 
00IO-2180/93/S3.00 


.Many  studies  e.xLst  on  the  decomposition 
products  and  kinetics  of  .AN  [l-'l.  Py  rolysis  of 
AN  under  combustion  conditions  has  led  to 
the  conclusion  that  reactions  1  and  2  dominate 
(8.  9].  To  ground  these  conclusions  firmly  on 
experimental  results,  it  is  helpful  to  know  the 
sequence  of  gas-product  formulation  at  high 
temperature.  Previous  studies  at  high  heating 
rates  [6.  7)  have  given  some  information,  bui 
were  obtained  under  nonisothcrmal  conditions. 
To  gain  more  detailed  insight,  AN  decomposi¬ 
tion  is  described  in  this  article  bused  on  the 
gas  products  and  thermal  response  of  the  sam¬ 
ple  at  a  high,  relatively  constant  temperature 
following  heating  at  a  high  rate.  The  objective 
is  to  understand  the  decomposition  process  as 
it  might  occur  in  propellant  ignition  and  com¬ 
bustion.  Hence,  the  product  gases  were  al¬ 
lowed  to  remain  in  contact  with  the  conden.sed 
pha.se. 

The  decomposition  of  AN  is  compared  to 
that  of  ammonium  dinitramide  t.ADN). 
NHJN(N0J;1  (101.  Unlike  AN.  AON  decom¬ 
poses  very  rapidly.  Part  of  the  additional  en¬ 
ergy  release  is  attributable  to  the  higher  heat 
of  formation  of  ADN  {-.^3  kcai/mul  (111) 
compared  to  AN(-78  kcai/mol).  Beyond  this 
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difference,  the  chemicul  rcuctions  that  cause 
ADN  to  decompose  very  exothermically  are 
not  obvious  because  the  gas  products  from 
rapid  thermolysis  of  ADN  are  similar  to  those 
of  AN.  Both  comptrunds  liberate  HNO„  NH  „ 
NiO,  NOi.  NO,  H,0,  and  N,,  although  the 
mole  fractions  differ  somewhat.  NH,!/;)  and 
HNO,(j?)can  recombine  to  form  AN  aerosol  if 
a  ctK)l  nonreactive  atmosphere  is  present. 

A  study  of  AN  and  ADN  was  undertaken  by 
T-jump/FTIR  spectroscopy  (121  to  define  the 
decomp<wition  pnKess  more  clearly  at  temper¬ 
atures  and  heating  rates  that  resemble  the 
surface  under  ignition  conditions.  The  surface 
can  be  thought  of  as  a  thin  film  that  rapidly 
heats  to  a  high  temperature  while  decompos¬ 
ing  (13).  T-Jump/fTIR  spectroscopy  deter¬ 
mines  the  isothermal  decomposition  character¬ 
istics  of  a  thin  polycrystalline  layer  of  sample 
on  a  Pt  filament  following  heating  of  the  Pt 
ribbon  at  2(KKfC/sec  to  a  chosen  constant 
temperature.  Simultaneous  recording  of  the 
thermal  response  of  this  condensed  het- 
erophase  layer  and  the  IR  spectra  of  the 
near-surface  gas  prcxlucts  helps  define  the 
semi-global  decomposition  chemistry  that  is 
representative  of  an  igniting  surface.  The  reac¬ 
tion  schemes  that  are  presented  are  consistent 
with  the  sequential  formation  of  gas  products 
and  thermal  response,  and  explain  the  slight 
increase  in  exothermicity  of  the  condensed 
phase  of  AN  with  pressure.  They  also  suggest 
why  AN  and  ADN  arc  thcrmiK'hemically  so 
different,  yet  liberate  similar  gas  products. 
These  reaction  schemes  contain  elementary 
.steps  whose  kinetic's  are  largely  unknown.  The 
kinetic  details  are  the  vital  information  needed 
to  test  these  pn)posals. 


EXPERIMENTAL 

Samples 

NH4  NO,  (CP  grade)  was  obtained  irom  Fisher 
Scientific  Co..  Fair  Lawn.  NJ.  The  AN  was 
ground  to  a  fine  powder  and  dried  at  lU  '  ’  torr 
for  12  hr  before  use.  NH,(N(NOj)j)  was  ob¬ 
tained  from  T.  P.  Russell  of  the  Na^  Surface 
Warfare  Center  and  was  originally  prepared  at 
Stanford  Research  International.  It  was  kept  in 
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a  sealed  vial  in  a  desiccator  and  ground  to  a 
fine  powder  before  use. 
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T-Jump  /  FTIR  Spectroscopy 

The  T-jump/FTIR  technique  is  described  in 
detail  elsewhere  [12].  Briefly,  approximately  2(X) 
/ig  of  powdered  AN  or  ADN  (hereafter  re¬ 
ferred  to  as  the  “film")  was  thinly  spread  on  a 
Pt  ribbon  filament.  The  filament  holder  was 
inserted  through  the  wall  of  the  IR  cell,  the 
cell  purged  with  Ar,  and  the  static  pressure  in 
the  cell  adjusted  as  desired.  The  cell  was  placed 
in  the  sample  compartment  of  a  Nicolet  20 
SXB  rapid-scan  FTIR  spectrometer.  The  IR 
beam  was  positioned  about  3  mm  above  the 
surface  of  the  film.  Triggering  of  the  heater 
circuit  and  spectral  data  collection  occurred 
simultaneously.  The  Pt  ribbon  was  heated  at 
2(IOO°C/scc  to  a  chosen  constant  temperature 
(T, ).  Both  AN  and  ADN  melted  giving  a  film 
on  the  center  of  the  filament.  The  control 
voltage  that  maintains  constant  resistance  of 
the  Pt  filament  at  the  chosen  value  (tempera¬ 
ture)  was  recorded  on  a  personal  computer 
(PC).  The  circuit  is  very  responsive  and  sensi¬ 
tive  to  the  thermal  changes  of  the  sample,  but 
imperfections  in  the  contact  intimacy  between 
the  sample  and  filament  affect  the  heat  flow. 
Hence,  the  shape  and  area  of  the  control  volt¬ 
age  trace  has  little  quantitative  value.  The  tern 
pcruiurcs  quoted  in  this  paper  arc  the  Pt  fila¬ 
ment  temperatures.  They  approximate  the 
sample  temperature,  hut,  because  of  imperfect 
thermal  contact,  the  sample  and  :he  filament 
cannot  he  maintained  at  exactly  the  same  tem¬ 
perature.  By  subtracting  the  control  voltage 
trace  with  no  sample  present  from  the  control 
voltage  trace  with  the  sample  present,  a  dif¬ 
ference  voltage  is  obtained  m  which  an  upward 
excursion  from  the  horizontal  line  corresponds 
It)  an  endoiherm  of  the  sample  and  a  down¬ 
ward  excursion  is  an  exotherm.  Because  of  the 
small  amount  of  sample,  the  heat  transfer  limi¬ 
tations  are  minimized  as  much  ns  possible  and 
the  pressure  change  is  very  small  during  the 
decomposition  process.  The  gases  evolve  into  a 
cool  Ar  airrHisphcrc  where  they  arc  quenched 
and  detected  with  IDO  msec  lime  resolution  by 
the  IR  spe«n>mcier.  The  rotational  structure 


» 


i 


»  • 


I 


» 


18U 


T.  B.  BRILL  ET  AL 


indicates  that  the  gases  are  in  the  ground 
vibrational  states.  Hie  control  voltage  deflec¬ 
tions  are  correlated  in  time  with  the  IR  spectra 
of  the  gas  products. 

The  IR  absorbances  were  converted  to  rela¬ 
tive  concentrations  of  the  gas  products  in  two 
ways.  For  AN  at  I  atm,  the  time  resolution  of 
the  experiment  is  sufficiently  fast  to  see  the 
growth  rate  of  the  product  gases  in  a  spectral 
series.  Apparent  relative  concentrations  can  be 
obtained  by  measuring  the  absorbance  of  each 
gas  and  multiplying  by  a  factor  [13]  that  is 
ba.sed  on  the  absolute  absorbance  of  the  vibra¬ 
tional  mode.  This  procedure  converts  the  ab¬ 
sorbances  to  apparent  concentrations  and  en¬ 
ables  the  rate  of  formation  of  each  product  to 
be  examined.  For  AN  at  33  atm  and  for  ADN, 
the  gas  proooct  concentrations  are  based  on  a 
100*^0  scale  throughout.  In  efiect.  these  are 
mole  fractions  that  are  independent  of  the 
amount  of  gas  present  at  any  particular  time. 
With  the  first  procedure  all  gas  products  stan 
from  zero  concentration  and  grow  to  be  re¬ 
lated  as  mole  fractions.  In  the  second  proce¬ 
dure  the  mole  fraction  relationship  based  on  a 
100%  scale  throughout  makes  it  easy  to  see 
the  sequential  differences  when  the  concentra¬ 
tions  are  low.  However,  the  gas  product  ratios 
are  the  same  in  both  procedures. 

N-,  O,,  and  H-  are  not  IR  active  and  arc 
not  included  in  the  quantitation  procedure. 
H;0  is  observed  but  is  not  included  in  the 
quantitation  process  because  the  rotation- 
vibration  fine-structure  makes  the  amount  of 
H-O  difficult  to  determine.  No  absolute  IR 
intensity  values  exist  for  AN  solid  as  an  aerosol. 
Therefore,  the  AN  aerosol  was  included  in  the 
quantitation  process  with  a  multiplicative  fac¬ 
tor  of  unity.  This  value  dues  not  arbitrarily 
weight  AN  more  or  less  than  the  other  prod¬ 
ucts,  and  was  chosen  mainly  so  (hat  the  behav¬ 
ior  of  AN  aerosol  could  be  followed  relative  ^  ' 
the  gas  products. 

The  decomposition  of  a\N  was  studied  at 
356*,  383*.  410*.  426*.  and  44rC  and  several 
pressures  from  1-33  atm  The  relative  amount 
of  producu  is  similar  at  all  temperatures,  but 
the  amount  of  HNO,  formed  relative  to  subli¬ 
mation  is  greater  at  higher  temperatures.  ADN 
was  studied  from  220*-30(rC  in  20*  increments 
at  I  atm.  Again,  the  results  were  similar  at 


each  condition  ro  that  the  260“C  data  were 
chosen  as  repre.sentative. 

AMMONIUM  NITRATE 

Thermal  decomposition  studies  of  bulk  AN 
conducted  over  the  past  several  hundred  years 
suggest  that  the  process  can  be  surprisingly 
involved  (1-71.  It  is  difficult  to  distinguish  be¬ 
tween  reactions  in  the  gas  phase  and  reactions 
in  the  condensed  phase  when  the  decomposi¬ 
tion  is  performed  under  practical  conditions. 
Moreover,  these  reaction  regimes  contribute 
differently  at  each  temperature  and  pressure. 
The  balance  of  ionic  and  radical  chemistry 
shifts  toward  radical  chemistry  at  higher  tem¬ 
perature  [3],  and  the  reaction  rate  is  affected 
by  the  gases  that  contact  the  sample  [4].  Fluc¬ 
tuations  occur  in  the  heat  balance  at  different 
times  and  temperatures  from  the  onset  of 
melting  to  the  end  of  gasification  [7].  However, 
in  the  absence  of  secondary  reactions  between 
the  gas  and  condensed  phase  the  decomposi¬ 
tion  temperature  is  predicted  not  to  rise  above 
a  particular  value  determined  by  the  pressure 
'Z.  14].  Such  behavior  is  found  in  practice  [7, 
15].  It  is  interesting  to  note  that  the  surface 
temperature  of  burning  AN  is  in  the  300“- 
350“C  range  (16.  17],  which  is  similar  to  the 
limiting  temperature  range  of  decomposition 
of  280“-320“C  (14).  Uniortunatcly,  not  only  arc 
the  decomposition  reactions  numerous  and  in¬ 
tertwined.  but  the  description  of  AN  decompo¬ 
sition  is  complicated  by  insidious  secondary 
reactions  that  may  occur  in  a  different  part  of 
the  vessel  or  during  analysis  that  regenerate 
primary  products.  For  example,  HNOj  forms 
by  reaction  1  in  the  primary  degradation  pro¬ 
cess.  but  HNOj  can  decompose  by  reaction  3 
and  then  reappear  later  by  reaction  4. 

2HNO,  -  2NO,  +  H,0  +  jo,  (3) 

2NO,  +  H,0  -  HNO,  +  HNO;  (4) 

Consequently,  the  origin  of  all  of  the  HNOj 
detected  dunng  AN  decomposition  might  not 
be  from  reaction  !.  Another  example  is  AN 
aerosol.  Most  of  the  AN  aerosol  comes  from 
recombination  of  NH,  and  HNO,  that  was 
formed  by  reaction  1.  However,  AN  aerosol 
could  also  ansc  from  reaction  S  (18|. 
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:nh,  -  :no.  -  nh,nO:  ^  n,  h.o 

(5) 

Considering  the  experimental  limitations, 
proof  of  the  detailed  reactions  that  are  respon¬ 
sible  for  ail  of  the  decomposition  products  of 
bulk  AN  cannot  be  obtained.  At  high  tempera¬ 
ture  the  realities  are  that  the  various  combina¬ 
tions  of  reactions  of  NHjNOj,  HNO,,  NH  „ 
and  NO-  in  the  presence  of  H-0  become 
almost  impossible  to  distinguish.  Nevertheless, 
the  sequential  appearance  of  the  gas  products 
combined  with  the  corresponding  thermochem¬ 
ical  details  enables  a  reaction  scheme  to  be 
developed  that  matches  the  experimental  find¬ 
ings. 


Decomposition  at  1  atm 

Although  pure  AN  will  not  burn  at  1  atm.  a 
sample  can  be  driven  by  the  T-jump  method  to 
a  temperature  that  is  at  or  above  the  measured 
surface  temperature  of  AN  burning  at  25  atm 
or  above  (e0(f-350°C  [16.  17]).  At  I  atm  pres¬ 
sure  the  chemical  sequences  expand  in  time 
compared  to  those  at  higher  pressure  and  are. 
therefore,  easier  to  determine.  Figure  1  shows 
the  gas  products  and  thermal  response  of  a  20 
/ig  film  of  .AN  heated  at  ZOOG^C/sec  to  383'’C 
and  then  held  at  383°C. 

The  concentration  data  in  this  plot  are  based 
on  the  scaled  growth  ol  the  IR  absorbance 
values  for  each  product  as  described  in  the 
experimental  section.  Such  a  procedure  indi¬ 
cates  the  amount  of  gas  formed  at  each  time  as 
well  as  the  relative  concentration.  The  super¬ 
position  of  several  stoichiometric  reactions 
(Scheme  I)  is  indicated.  Of  course,  many  ele¬ 
mentary  steps  are  imbedded  in  each  of  these 


0  45 


0,05 


Vi: 

I- 

< 

iX 


0  4 


0  35 


0  3 


0/F=BENCE  voltage 


,  ^  MMing 


TEMP-  383  C 


<«naoi 


3  (•xoi 


0.03  g 

s 


■:me  (SEC) 


Fitt-  I.  r.Jump,' FTIR  Jata  tor  A.S  hciitud  .11  31XH)  C/'iCC 
to  .'..S.'.'C  and  hold  Isothcrmjlly  at  th;u  temperaiuri;  while 
under  !  aim  Ar.  The  proposed  reactions  are  given  in 
Scheme  I.  The  relative  concentrations  ot  the  gas  products 
arc  based  on  the  IR  absorbance  values  scaled  hy  the 
absolute  absorbance  at  each  time.  .AN  is  solid  aetosoi  and 
was  given  a  muitIplicaiKc  factor  of  unity  in  the  quantita 
lion  process  tsee  experimental  section). 


stoichiometric  reactions,  but  they  are  not  de¬ 
terminable  by  T-jump/FTIR  spectroscopy. 

The  first  event  is  rapid  endothermic  melting 
of  AN  as  indicated  by  the  upward  deflection  in 
the  ditfcrcnce  control  voltage  trace.  The  con¬ 
trol  voltage  decreases  on  completion  of  melt¬ 
ing  from  0.5-1  sec.  The  process  turns  markedly 
endothermic  again  at  about  1  sec.  This  second 
endothermic  event  corresponds  to  the  appear¬ 
ance  and  growth  of  .AN  aerosol.  AN  aerostil 
forms  from  the  endothermir  dissociation  of 
AN  and  desorption  to  HNO,(g)  1-  NHj{g),  fol¬ 
lowed  by  recombination  of  NH  ,  and  HNOj  in 
the  gas  phase  (Scheme  I.  reaction  A).  Only  the 
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.Approx  AH.  i.:'4l 


A  4(NH.NO,(l)  -  HNOdj)  +  NM,(jr)  -  h'H,NO,(ioltd aerowiD)  4(441' 

B  3(5NH.NO,(l)  -  :MN0,  4N;  ♦  9H.01  X  -  35)' 

C  5|NM.NO,(l)  -  N.O  +  :H.0|  M-lfi 

D  4NH.NO,(l)  -  2.NM,  »  3N'o,  ♦  NO  ♦  N,  *  5H,0  HI 


A  DV  ;itNH..SO,(U  -  bltNO,  3NO.  ♦  NO  -r  2NH,  -  $N-0  »  T'N;  *  4213.0  *  4NH.NO.(»eroioll  H7 
‘  5M  (or  the  detorpdon  «ep  only  (tc*  ten)  AH,  for  HNOjtj)  from  ref.  27 
'Kef  I.  p  A32D 

’ Grm  the  appraumait  IR  active  (a»  product  ratioi  at  2  mc  for  AN  at  3H3  VtF.|  I) 
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endothermic  lirst  step  of  reaction  A  is  included 
in  AH  given  for  reaction  A  because  the  second 
step  occurs  in  the  cooler  region  of  the  cell 
away  from  the  filament.  Hence,  the  exothermic 
second  step  is  not  sensed  by  the  filament. 
However,  a  white  smoke  of  .AN  aerosol  is 
visually  observed. 

Despite  the  continuation  of  reaction  A 
throughout  the  decomposition  process  as  evi¬ 
denced  by  the  growth  of  the  AN  aerosol  con¬ 
centration.  the  decomposition  process  becomes 
less  endothermic  again  at  about  2  sec.  HxO 
(not  quantified)  and  e.xcess  HNO,  form  at  this 
time,  which  is  consistent  with  the  occurrence 
in  reaction  B.  This  reaction  is  known  and  its 
enthalpy  has  been  deduced  [1].  Although  the 
details  of  reaction  B  are  debatable,  previous 
studies  also  show  that  the  concentration  of 
HNOj  in  the  vapor  exceeds  that  NH  -  [2.  19. 
20].  Reactions  6a  and  6b.  which  are  equivalent 
to  reaction  B.  have  been  proposed  to  explain 
the  buildup  of  HNO3  because  they  consume 
more  NH  ,  than  HNO,  (2.  21].  Reaction  6b  was 
proposed  to  account  for  the  presence  of  a 

5NHj  +  3HNO,  -  4N,  +  9H,0  (6a) 

I6NH3  +  12HNO3  -»  14N;  +  30;  +  30H;O 

(6b) 

small  amount  of  O;  in  the  product  gases  (2]. 
However,  various  other  decomposition  reac¬ 
tions  of  AN  can  produce  O-.  As  reactions  6a,b 
imply,  reaction  B  of  Scheme  I  can  be  thought 
of  as  a  secondary  reaction  of  the  produas  of 
reaction  A.  Reaction  B  occurs  because  of  the 
presence  of  a  heat  source,  which  is  the  fila¬ 
ment  in  this  case,  but  would  be  the  flame,  were 
gas-phase  combustion  occurring.  Consistent 
with  this  is  the  fact  that  the  amount  of 
HNOjfg)  relative  to  the  other  products  is 
greater  as  the  filament  is  stepped  to  higher 
temperatures.  Irrespective  of  the  reaction  de¬ 
tail,  the  control  voltage  trace  reveals  that  de¬ 
creased  endothermicity  of  the  overall  process 
coincides  with  the  appearance  of  excess  HNOj. 
Reactions  B,  6a,  and  6b  are  all  exothermic  and 
would  reduce  the  overall  endothermicity  of  the 
decomposition  process,  as  is  found. 

The  process  becomes  still  less  endothermic 
from  2-4  sec  as  the  amount  of  HNO3  dimin¬ 
ishes,  However,  N;0  grows  rapidly  in  concen¬ 


tration  through  this  time  .suggesting  that  an¬ 
other  exothermic  reaction  plays  an  increasingly 
important  role.  The  ex<nhermie  reaction  C  ac¬ 
counts  for  these  results  and  is  a  universally 
accepted  decomposition  reaction  of  .AN  [1-7]. 
However,  there  is  evidence  of  yet  another  re¬ 
action  that  occurs  in  parallel  as  indicated  by 
the  appearance  of  NO.  and  the  eventual  de¬ 
crease  in  e.xothermicity  again  between  4-6  sec. 
Also.  NO.  whose  IR  absorbance  is  very  small, 
probably  forms  earlier  than  is  indicated  in  Fig¬ 
ure  1.  Reaction  D  [22]  accounts  for  these  ob¬ 
servations.  Its  endothermicity  is  superimposed 
on  the  exothermicity  of  reaction  C  and  results 
in  a  leveling  of  the  control  voltage  trace  theat 
flow  is  balanced)  at  4-7  sec.  Reaction  D  is  also 
a  source  of  NH  ,.  which  appears  as  a  product 
for  a  much  longer  time  than  HNO,.  At  7  sec 
the  sample  has  completely  gasified. 

The  multiplicative  factors  of  the  reactions  in 
Scheme  I  were  determined  by  the  need  to 
match  the  approximate  relative  concentrations 
of  the  gas  products  at  a  time  when  all  of  the 
reactions  contribute.  The  concentrations  at  2 
sec  were  chosen.  The  stoichiometry  of  the  net 
reaction  in  Scheme  1  approximates  that  found 
at  2  sec  in  Figure  1.  Although  the  enthalpy  of 
the  net  reaction  is  slightly  exothermic  as  writ¬ 
ten.  the  relative  contribution  of  reaction  A 
need  only  be  increased  somewhat  to  produce  a 
net  endothermic  process.  As  mentioned  in  the 
experimental  section,  the  relative  amount  of 
AN  aerosol  is  not  known  because  no  IR  ab¬ 
sorbance  value  is  available.  Hence,  we  do  not 
know  exactly  how  much  AN  aerosol  is  present. 
As  can  be  seen  in  Figure  1,  the  relative  contri¬ 
butions  of  reactions  A-D  change  with  time  so 
the  multiplicative  coefficients  in  Scheme  I  will 
be  different  at  each  time  in  the  decomposition 
process.  This  will  also  affect  the  net  amount  of 
heat  released  at  any  particular  time.  Hence, 
the  step  behavior  of  the  thermochemical  trace 
of  Figure  1  and  in  other  work  [7]  is  under¬ 
standable. 

Several  other  factors  contribute  to  the  final 
gas  product  concentrations  in  Figure  I.  AN 
aerosol  will  deposit  on  the  cooler  surfaces  in 
the  cell  resulting  in  a  drop  in  the  AN  concen¬ 
tration  at  the  end  of  the  process.  Also,  the  gas 
surrounding  the  filament  becomes  hotter  with 
time.  This  can  significantly  increase  the  con- 
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Fig.  2.  T-Jump/FTTR  data  for  AN 
heated  at  Ztxiv'C/’sec  to  415°C  and 
held  while  under  ea  atm  of  .'Vr.  The 
priKctw  only  becomes  exothermic  in  the 
late  stage  when  the  NH;  +  NO;  reac¬ 
tion  occurs.  The  relative  percentage  of 
composition  of  the  gas  products  based 
on  a  UX)'>  scale  throughout  is  given. 


centration  of  NO  relative  to  NO,  as  a  result  of 
reaction  7.  Assuming  a  value  of  K  =  0.09  M 
for  reaction  7  at 

:N0:  2NO  +  0,  (7) 

at  383°C.  the  NO/NO,  ratio  is  about  2/3.  The 
concentration  of  NO  at  the  end  of  the  reaction 
is  indeed  greater  than  reaction  D  predicts, 
probably  because  of  the  contribution  of  reac¬ 
tion  7. 

Decomposition  at  415°C:  33  atm 

The  formation  of  NH  j  and  NO,  by  reaction  D 
raises  the  possibility  that  the  process  could  be 
made  exothermic  when  confined  by  pressure. 
The  reaction  of  NHj  and  NO,  becomes  rapid 
and  exothermic  in  the  330-530°C  range  [23, 
24).  However,  significant  generation  of  heat 
requires  confinement  to  enhance  the  concen¬ 
tration  of  NHj  and  NO2  in  the  hot  zone 
around  the  condensed  phase.  In  fact,  the  appli¬ 
cation  of  pressure  was  previously  observed  to 
cause  the  late  stage  endotherm  of  AN  to  be¬ 
come  an  exotherm  [7],  but  this  could  not  be 
explained  with  the  data  available  at  the  time. 

Figure  2  shows  the  decomposition  process  of 
a  200^g  film  of  AN  heated  at  2000®C/scc  to 
4I5“C  under  33  atm  of  Ar.  The  concentrations 
are  shown  as  relative  percentages  as  described 
in  the  experimental  section  so  that  the  behav¬ 
ior  early  in  the  decomposition  process  can  be 
more  clearly  seen. 


The  melting  endotherm  initially  dominates. 
The  heat  of  reactions  A-D  leading  to  the 
formation  of  AN  aerosol,  N,0,  HNOj,  NH^, 
and  NO,  are  overall  endothermic  until  1.5  sec. 
At  this  time  the  concentrations  of  NHj  and 
NO,  formed  by  reaction  D  drop  markedly  and 
are  accompanied  by  an  exotherm,  which  sug¬ 
gests  that  reaction  8  occurs  [24].  AH  is  about 
- 148  kcal  for  this  reaction. 

2NH,  -F  2NO,  -*  N,0  -f  N,  4-  3H,0  (8) 

Under  pressure,  this  nominally  gas-phase  reac¬ 
tion,  which  has  been  recognized  as  such  for 
AN  [25],  could  occur  in  the  heterogenous  gas- 
condensed  phase  (e.g.  bubbles  and  voids)  and 
contribute  to  the  condensed  phase  heat  bal¬ 
ance  under  combustion  conditions.  However, 
despite  this  late  stage  e.xothermicity.  the  over¬ 
all  decomposition  process  in  Fig.  2  is  close  to 
thermoneutral  or  mildly  endothermic.  The 
difficulty  of  making  the  condensed  phase  de¬ 
composition  process  of  AN  become  exothermic 
even  under  a  pressure  of  33  atm  Ar  seems  in 
line  with  the  findings  of  Brewster  et  al.,  [16] 
that  the  condensed  phase  is  endothermic  by 
200-400  cal/g  when  pure  AN  bums  at  27  atm. 

AMMONIUM  DINITRAMIDE 

The  thermal  decomposition  behavior  of  bulk 
ADN  is  very  different  from  that  of  AN  despite 
the  fact  that  similar  gas  products  are  formed 
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Fig.  s.  T-Jump/'FTIR  data  for  ADN 
heated  on  a  Pt  tilamcnt  at  ;00()®C/sec 
to  ZbffC  under  I  atm  Ar.  Unlike  Fig.  1. 
the  relative  eoncentrations  of  the  ga.s 
products  are  shown.  The  decomposition 
process  becomes  strongly  exothermic  as 
the  first  gas  products  are  detected. 


on  rapid  decomposition.  Figure  3  shows  T- 
jump/FTIR  data  for  a  200  /tg  film  of  ADN 
heated  at  2000®C/sec  to  260*C.  This  tempera¬ 
ture  compares  with  a  preliminary  surface  tem¬ 
perature  measurement  of  burring  ADN  of 


about  300°C  (26],  which  is  surprisingly  similar 
to  that  of  AN.  According  to  Fig.  3,  melting  of 
ADN  is  centered  at  about  1.5  sec.  At  the  onset 
of  decomposition,  gas  products  and.  in  contrast 
to  AN,  sharp  exothermicity  occur  instantly.  The 


SCHEME  II 


The  Proposed  Reactions  that  are  Responsible  for  the  Gases  Released  by  ADN  During  High  Rate  Pyrolysis 


Approx.  AH,,„,  kcal 

a 

b 

c 

d 

t 

f 

g 

H 

Branch  a' 

3(ADN  -  NHj  +  HNO3  +  N,0] 

Branch  B 

9(ADN  -  NHj  +  HN(NO,),I 

9(HN(NO,),  -  NO2  +  HNNO,l 

6(HNNO,  -  N,0  +  OHl 
aHNNOj  +  OH  -  2NO  +  HjO) 

HNNO,  +  NO  -  NOj  +  HNNO 

HNNO*+  OH  -  NjO  +  HjO 

3{NHj  +  OH  -  HjO  +  NHj) 

3INH,  +  NO  -  Nj  +  HjOI 

3(  +  n.5) 

9ADN  -  6NHj  +  7NjO  +  lONOj  +  9H;0  +  3Nj 

-49 

12ADN  -  9NH3  +  lONjO  +  lONOj  +  9HiO  +  3N,  +  3HNOj 

-14 

k 

4NHj  +  4NOj  -*  3Nj  +  2NO  +  6H3O 

-309 

1* 

12ADN  -•  SNH,  +  lONjO  +  6NOj  +  ISHjO  +  2NO  +  6Nj  +  3HNOj 

2NH,  +  2HNOj  -  2NH4NO,  (aerosol) 

-323 

n* 

12ADN  -  3NH,  +  lONjO  +  6NOj  +  ISHjO  +  2NO  +  6Nj  +  HNO,  +  2NH4NOJ 

-323 

'  Atfumes  AHf  (AON)  <•  -3S  kcal/mol,  and  (HNO](g)]  is  -33  kcaJ/mol. 

*  Sura  of  a-h. 

*  Sura  of  Branches  A  &  B. 

*  Sum  of  reactions  J  +  k. 

’ Occurs  in  gas  phw  away  from  surface  so  reaakra  m  is  not  included  in  AH. 

*  Sum  of  /  and  m  gives  die  approximate  gas  phase  stoichiometry  at  the  end  of  the  exotherm  (Fig.  3). 
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first  Jctccted  products  arc  mostly  HNO,.  NH... 
and  N,0  in  roughly  similar  amounts.  .Minor 
quantities  of  NO-.  AN,  and  H,0  are  also 
present  in  the  initial  spectrum.  Note  that  the 
relative  percentage  of  composition  based  on 
I(K)'?»  of  the  detected  gases  is  given  in  Fig.  3. 
This  type  of  plot  enables  the  behavior  of  the 
earliest  gas  products  to  be  observed  even 
though  their  concentrations  are  relatively  low 
compared  to  later  times,  and  the  decomposi¬ 
tion  process  is  rapid.  Following  complete  de¬ 
composition  at  2.5  sec.  the  IR  spectra  reveal 
the  appro.ximate  product  ratios  of  12N;0: 
6NO.;3AN:2NH,:HNO-.;.NO.  Gas-product  ra¬ 
tios  have  also  been  obtained  on  a  laser-pyro- 
lyzcd  sample  of  .ADN  by  the  use  of  a  quartz 
microprobe  mass  spectrometer  [26]  and  are 
comparable  to  those  obtained  by  IR  spec¬ 
troscopy.  By  mass  spectrometry',  the  quanti¬ 
ties  of  H-O  and  N-  are  found  to  be  similar  to 
N-O  and  NO-,  respectively.  The  con.sistency 
of  the  IR  and  mass  spectral  data  under  rapid 
pyrolysis  conditions  gives  confidence  that  the 
approximate  concentration  ratios  of  the  gas 
products  leaving  the  surface  reaaion  zone  of 
ADN  at  ignition/ combustion  conditions  are 
now  known.  The  task  is  to  develop  a  reaction 
scheme  that  gives  these  approximate  gas  prod¬ 
uct  ratios  the  sequence  of  appearance  and  high 
exothermicity  in  the  early  stage. 

The  formation  of  HNO,.  NH,,  and  N-O  in 
comparable  amounts  at  the  beginning  suggests 
the  presence  of  Branch  A  in  Scheme  II.  This 
mildly  endothermic  reaction  may  have  a  role 
during  slow  decomposition  at  lower  tempera¬ 
tures.  It  appears  to  be  a  minor  branch  during 
rapid  heating,  especially  because  it  does  not 
account  for  the  major  heat  release  that  is 
experimentally  observed.  The  slight  excess  of 
HNO3  compared  to  NHj  is  consistent  with 
reactions  6a,  b,  which  occur  to  a  small  extent 
as  well. 

Branch  B  of  Scheme  II  is  proposed  to  domi¬ 
nate  under  rapid  thermolysis  conditions.  Reac¬ 
tion  a  of  Branch  B  is  dissociation  of  ADN  to 
produce  NHj  and  HMNOj);.  HNCNOjjj  is 
not  detected  and  probably  homolyzes  in  the 
condensed  phase  at  high  temperature  by  reac¬ 
tion  b  to  NO2  and  HNNOj.  Reactions  a  and 
b  are  endothermic.  Because  relatively  large 
quantities  of  NH,  and  NO-  occur  early  in 


Branch  B.  much  heat  can  be  generated  by 
reaction  k  in  the  gas  phase  near  the  surface  or 
even  as  pan  of  the  heterogeneous  gas-liquid 
zone  at  the  surface.  The  high  exothermicity  is 
evident  in  the  large  control  voltage  deflection 
at  2.3  sec.  and  provides  the  energy  to  complete 
the  decomposition  process  very  rapidly.  Some 
of  the  NH,  and  NO-  remains  unreacted  be¬ 
cause  it  escapes  to  the  cooler  region  of  the 
atmosphere.  The  fact  that  the  surface  temper¬ 
atures  of  .AN  and  ADN  arc  similar  implies  that 
the  heat  released  by  reaction  k  occurs  mostly 
in  the  gus  phase  near  the  surface  and  that  the 
temperature  of  the  gas  phase  must  rise  very 
rapidly  as  the  products  leave  the  surface.  Re¬ 
actions  c-h  arc  plausible  subsequent  steps  for 
decomposition  of  HNNO-,  but  they  are  not 
determined  by  T-jump/FTIR  spectroscopy. 
They  are  simply  proposed  as  reasonable  sources 
of  stable  products  in  the  quantities  detected. 
The  net  reaction  i  of  Branch  B  is  mildly 
e.xothermic.  Combining  Branches  A  and  B 
yields  the  e.xothermic  reaction  j.  Adding  some 
gas-phase  recombination  of  NH,  and  HNO, 
(reaction  m)  to  account  for  the  observed  AN 
solid  aerosol  yields  reaction  n,  whose  stoi¬ 
chiometry  approximates  the  experimentally  ob¬ 
served  gas  product  ratios  observed  at  2.5  sec  in 
Fig.  3. 

Reaction  n  is  not  a  perfect  description  of 
the  e.xperimentally  observed  gas  product  ratios 
from  rapid  decomposition  of  ADN.  It  contains 
more  H-0,  NH,,  and  NO  and  less  NjO  than  is 
e.xperi mentally  found.  However,  some  vari¬ 
ances  would  not  be  surprising  considering  the 
difficulty  of  precise  measurements  under  these 
conditions.  The  agreement  can  be  improved 
somewhat  by  allowing  for  variations  in  the 
products  of  reaction  k.  The  amount  of  NO  can 
be  reduced  and  the  amount  of  N-O  raised  by 
noting  the  findings  of  Bedford  and  Thomas 
(24)  indicating  that  reaction  k  can  also  occur 
partly  with  the  stoichiometry  of  reaction  8. 

As  with  AN,  reaction  m  occurs  in  the  cooler 
gas  phase  away  from  the  surface  and,  there¬ 
fore,  does  not  contribute  to  the  surface  heat 
balance.  Therefore,  this  reaction  was  not  in¬ 
cluded  in  the  net  heat  of  reaction  n.  Reaction 
m  contributes  to  the  white  smoke  that  is  ob¬ 
served  when  ADN  is  rapidly  decomposed  in  a 
cool  atmosphere.  It  would  not  occur  with  a 
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rtame  present  beeause  the  NH,  and  HNO, 
would  react  bclore  recombining. 

COMPARISON  OF  .AN  AND 
.ADN  DECOMPOSITION 

The  rapid  decomposition  process  of  .AN  is 
clearly  endothermic  at  pressures  up  to  at  least 
30  atm.  .At  higher  pre.ssure  an  exothermic  com¬ 
ponent  appears  late  in  the  decomposition  pro¬ 
cess  and  brings  the  overall  decomposition  piu- 
cess  closer  to  thermoneutrality.  The  e.xotherm 
is  accompanied  by  a  drop  in  the  amount  of 
NH,  and  NO-  that  appear  in  the  gas  phase. 
Although  the  reaction  of  NH,  and  NO;  ap¬ 
pears  to  be  responsible  for  this  e.xotherm.  the 
amount  of  NHj  and  NO;  is  smaller  for  AN 
than  for  ADN  and  so  much  less  heat  is  gener¬ 
ated. 

In  contrast,  the  rapid  decomposition  process 
of  ADN  is  strongly  e.xothermic  early  in  the 
reaction  scheme.  This  behavior  is  consistent 
with  the  ease  of  formation  of  a  large  amount 
of  NH3  and  NO;  in  the  early  decomposition 
steps.  Because  the  reaction  of  NHj  and  NO; 
can  dominate  early  and  produces  a  large 
amount  of  heat,  the  overall  decomposition  and 
gasification  process  is  driven  at  a  much  high 
rate  for  ADN  than  AN.  Therefore,  for  both 
AN  and  ADN  the  reaction  of  NHj  with  NO;  is 
implicated  as  the  main  source  of  heat  when  the 
pure  material  is  decomposed  at  high  tempera¬ 
ture.  For  AN  this  reaction  only  becomes  im¬ 
portant  under  confinement,  such  as  by  the 
application  of  high  pressure. 

IVe  are  grateful  to  the  Air  Force  Office  of 
Scientific  Research  for  support  of  this  work  on 
AFOSR-S9-052I.  T.B.B.  wishes  to  thank  M.C. 
Lin,  T.  Litzinger,  D.  McMillen,  and  C.  Melius  for 
helpful  discussions  and  data  exchange  on  ADN. 
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Thermal  Decomposition  of  Energetic  Materials  59. 
Characterization  of  the  Residue  of 
Hexanitrohexaazaisowurtzitane 

D.  G.  PATIL  and  T.  B.  BRILL* 

Di’panmcnt  of  Chemistry.  L'nit  ertitx-  iti  IX-hwtire.  .W’witri.  DC  !o~;n 


The  polycyclic  nitramine.  /3-hexanitrohc- 
xaazaisowurtzitanc  (HNIVV).  decomposes 
exothermically  above  195°C,  liberating  large 
amounts  of  NO-,  and  NO  and  lesser  amounts 
of  CO.  CO;,  HCN,  HNCO,  and  N.O  H).  A 
dark-colored  residue  remains. 


The  infrared  spectrum  of  the  residue  formed 
at  220°C  vvas  found  to  contain  broad 
absorbances  characteristic  of  a  complex  mix¬ 
ture  of  CO,  NO,  CN,  and  CC  single  and  dou¬ 
ble  bonds  and  CH  modes  [1].  The  residue  of 
HNIW  remaining  after  many  hours  at  205’’C 
was  17%  of  the  original  sample  weight  and  had 
an  elemental  composition  of  C^HjNjO;  [21. 
Little  else  has  been  reported. 

The  residue  forms  and  bums  during  com¬ 
bustion  of  HNIW  [3].  Therefore,  the  residue 
plays  a  role  in  the  surface  reaction  zone  of 
burning  HNIW,  and  its  decomposition  charac¬ 
teristics  arc  of  interest.  In  this  note,  characteri¬ 
zation  and  decomposition  of  the  residue  formed 
at  various  temperatures  above  240*C  are  deter¬ 
mined  by  using  T-jump/FTlR  spectroscopy. 

T-jump/FTIR  spectroscopy  [4]  enables  a 
200-^g  film  of  HNIW  to  be  heated  on  a  Pt 
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filament  at  ZtlDd'C,  s  to  .i  chosen  constant 
temperature  under  1  atm  .-Vr.  The  IR  spectra 
of  the  gaseous  products  are  recorded  in  near 
real-time  at  1(1  scans,  s.  The  final  temperature 
of  the  filament  wa.s  240''-320''C  in  lO'C  inter¬ 
vals.  This  temperature  was  Iteld  for  3  s  after 
the  decomposition  exotherm.  The  filament  was 
then  immediately  cooled  and  the  cell  purged 
for  5  min  with  .-Kr  to  remove  all  decomposition 
gases.  The  residue  remaining  on  the  filament 
was  then  reheated  in  .\r  at  2fK10'C/s  to  7(KTC 
for  10  s.  During  this  time  the  gaseous  products 
from  the  decomposition  of  the  residue  were 
monitored.  It  was  determined  separately  that 
700®C  was  the  temperature  necessary  to 
decompose  the  residue  completely.  A  very' 
small  amount  of  residue  remained  at  fiSO’C. 

Figure  1  shows  the  relative  concentrations  of 
the  IR  active  ga.seous  products  I  s  after  the 
first  decomposition  products  from  the  residue 
arc  detected.  The  temperatures  shown  are 
those  at  which  the  original  HNIW  samples 
were  decomposed  (24()®-320“C).  The  only  IR 
active  products  detected  are  HNCO,  HCN. 
CO;,  and  (for  decomposition  of  HNIW  below 
285°C)  NO;^  The  absolute  IR  absorbance  of 
HNCO  is  unknown.  A  scaling  factor  of  1.5  was 
used  for  the  2280-cm"'  stretching  mode.  This 
value  is  the  average  of  the  same  mode  of  the 
isoelectronic  CO;  molecule  and  N;0  [5].  Since 
the  elements  of  HNIW  are  equally  represented 
in  HNCO.  the  absorbance  value  of  HNCO  is 
not  a  factor  in  determining  the  elemental  com¬ 
position  of  the  residue. 

The  presence  of  ga.scous  NO;  in  Fig.  1  indi¬ 
cates  that  some  of  the  -NO,  functional  groups 
arc  retained  by  the  residue  up  to  285''C.  Some¬ 
what  more  CO,  is  formed  at  lower  tempera- 
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>tahlo  up  to  at  least  7i)(FC  ID].  Tiie  hieh 
concentrations  of  HNCO  anJ  I ICN  along  '.vith 
the  IR  spectrum  of  the  residue  [1)  indicate  a 
high  percentage  of  amide  and  azine  linkages  in 
.he  residue. 

Figure  2  shows  th>’  .‘Icmenta'  composition  .m’ 
the  residues  formed  at  each  icmperaiure  'nised 
on  the  alisorhance  value  of  each  gaseous  piod- 
itct  .scaled  by  its  absolute  ab.iorbance  [5).  Above 
285’C.  when  ail  of  the  NO-  groups  have  been 
eliminated,  the  elemental  composition  of  the 
residue  is  relatively  independent  ()f  ‘he  decom¬ 
position  temperature  of  the  original,  rapidly 
heated  HNIW  sample  and  averaites  to  about 
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ture  than  at  higher  temperature,  perhaps 
because  the  residual  -  NO-  groups  can  form 
NO-  and  oxidize  carbon.  HNCO  and  HCN  aie 
the  dominant  decomposition  products  of  the 
residue.  HNCO  can  be  produced  by  decompo¬ 
sition  of  the  amide  unit  (I)  [6,  7]  and  HCN  can 
form  from,  polyazine  units  (If)  [8].  Cyclic  azines. 
such  as  melon,  arc  known  to  be  thcn.ially 
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Fig.  2.  The  stoichiometric  ctKificienis  for  C. 
H.  N,  anJ  f)  of  the  residue  of  HNIW 
samples  based  on  the  gas  products  presci.. 
after  t  s.  The  icmpe.atures  shown  are  the 
decomposition  temperatures  of  the  oripinal 
HNIW  sample  in  1  atm  Ar 
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Tne  oxiviiicrs  l.j.f.f-iciianitrohexahydropvTimidinc  (DNNC  or  TND.-\)  and  RDX  arc  :ound  lo  have  similar 
burn  rates  in  a  strand  burner  operating  at  ilO-250  atm.  These  strand  burner  data  extrapolate  well  to  the 
regression  rates  obtained  from  high-ratc  weight-loss  measuremeats  by  SMATCH/FTIR  speerroscopy  on 
blms  of  DNNC  and  RDX  of  about  45  jam  thickness.  This  observation  support  the  use  of  rapid  pyrolvsis  oi 
hims  coupled  with  spectral  diaunostics  to  determine  chemical  details  about  the  surface  reaction  rone  of 
burning  DNNC  and  RDX.  By  using  r-jump/FTlR  spectroscopy,  the  gas  product  concentrations  from  DNNC' 
rapidly  decomposing  at  ZZC-jCO’C  reveal  that  DNNC  and  RDX  thermolyze  by  different  routes. 
Decomposition  reactions  that  form  NO  are  especially  important  for  DNNC  but  this  does  not  affect  the 
primary  flame  zone.  The  primary  flame  zone  of  both  DNNC  and  RDX  appears  to  be  dominated  by  the 
reaction  of  CH;0  and  NO;,  which  contributes  to  the  similarity  of  their  burn  rates. 


INTRODUCTION 

During  combustion  of  solid  rocket  propellants, 
thermal  decomposition  of  the  ingredients  oc¬ 
curs  in  a  thin  heterogeneous  reaction  layer  at 
the  surface.  Chemical  description  of  this  layer 
is  needed  to  develop  models  of  combustion 
that  include  the  burning  surface  because  the 
product  gases  play  an  important  role  in  the 
flame  structure  [1],  Unfortunately,  the  flame 
interferes  with  determination  of  the  surface 
reaction  mechanisms  because  the  decomposi¬ 
tion  products  react  further  very  close  to  the 
surface. 

An  alternative  approach  to  learning  about 
the  surface  reaction  layer  is  to  simulate  the 
burning  surface  with  a  film  of  material  in  which 
quasi-isothermal  decomposition  is  induced  by 
rapidly  heating  to  a  high  constant  temperature. 
Tr.is  objective  is  achieved  with  T-jump/FTIR 
spectroscopy  in  which  a  film-like  quantity  of 
materia!  is  ramp-heated  on  a  Pt  ribbon  fila¬ 


ment  at  2000*C/s  to  a  chosen  constant  tem¬ 
perature  [2],  The  decomposition  products 
evolve  into  a  cool  nonreactive  (.Aj)  atmosphere 
and  are  detected  by  rapid-scan  FUR  spec¬ 
troscopy.  The  gas  products  form  the  first  stage 
of  the  flame  zone  if  a  steady  flame  is  present. 
Simultaneously,  the  endothermic  and  e.xother. 
mic  responses  of  the  sample  are  reflected  in 
the  control  voltage  of  the  filament.  Details 
about  the  decomposition  mechanism  of  the 
bulk  material  can  be  e.xtracted  from  Lhese  data 
[3-51,  and  can  be  used  to  understand  naore 
about  the  burning  surface. 

Although  T-jump/FTIR  spectroscopy  is  in¬ 
tended  to  simulate  surface  decomposition  for 
an  instant  during  steady-state  combustioi.,  the 
validity  of  such  an  approach  Ls  best  established 
by  the  second  fast  thermolysis  technique, 
SMATCH/FTIR  spectroscopy  [6-9]. 
SMATCH/FTIR  permits  measu.cment  of  the 
rate  of  mass  loss  of  the  film  during  rapid 
heating  at  1  atm.  If  the  regression  rate  calcu¬ 
lated  from  these  data  extrapolates  to  the  burn 
rate  of  a  bulk  sample  at  higher  pressure,  then 
die  decomposition  mechanisms  of  the  film  and 
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the  surtacc  of  the  bulk  saniplc  arc  cxpoctcJ  to 
be  similar. 

Of  particular  interest  in  this  article  is  the 
fact  that  the  burn  rates  of  he.\ahyciro-l,.\5-tri- 
nitro-s-triai:ine  (RD.\)  and  1.3,5,5-tetranitro- 
hexahydropyrimidine  (DN'NC  or  TNDA,  but 
hereafter  referred  to  as  DNNC)  turn  out  to  be 
nearly  the  same,  whereas  rather  different  de¬ 
composition  gases  were  previously  found  [10], 
New  details  about  the  rapid  decomposition 
mechanism  of  RDX  [11]  and  HMX  [4]  have 
recently  been  obtained  from  Tjump/FTIR 
spectroscopy.  This  technique  is  especially  help¬ 
ful  because  the  sequence  of  formation  of  the 
gas  products  can  be  seen  simultaneously  with 
the  overall  balance  of  heat  flow  to  and  from 
the  sample.  A  reexamination  of  DNNC  by  T- 
jump  FTIR  spectroscopy  is  in  order,  especially 
because  of  interest  in  DNNC  as  an  o.xidaer  in 
minimum  smoke  propellant  formulations. 
Moreover,  the  twe  types  of  energetic  sites  in 
DNNC  make  its  decomposition  niechanism  po¬ 
tentially  more  complicated  and  intriguing  than 
RDX. ' 


r^'1 

.N’  .N, 


0,N.  ,NO, 

'r^  ■ 

NO.  O-N  NO, 

DNNC 


E.XPERIMENTAL  SECTION 

DNNC  [12-14]  used  for  thermal  decomposi¬ 
tion  studies  was  provided  by  SRI  International, 
Menlo  Park,  CA.  Burn  rate  measurements  were 
made  at  ONERA  on  DNNC  supplied  by  SNPE, 
Le  Bouchet,  France  [15]. 

For  bum  rate  measurements,  rectangular 
blocks  (15x5x5  mm)  were  formed  by  press¬ 
ing  under  13  metric  tons/cm*  to  a  density  of 
1.68-1.72  g/cm’  for  DNNC  and  1.76-1.79 
g/cm’  for  RDX.  The  sample  was  ignited  by  an 
electric  wire  in  a  strand  burner  under  an  Nj 
pressure  set  as  desired  in  the  20-250-atm 
range.  The  combustion  time  was  determined 
by  a  photodiode  signal. 

The  SMATCH/FTIR  technique  and  data 
reduction  methods  have  been  described  else¬ 


where  [6-^].  Briefly,  rilim  of  D.N'NC  t45  ^tin 
thickness)  and  RD.X  (40Mm)  having  about  900 
^JLg  mass  were  coated  onto  the  stainless-steel 
end-lip  of  the  quartz  vibration  element  by  re¬ 
peatedly  dipping  the  tube  into  an  acetone  solu- 
tit.-'i  and  evaporating  the  acetone.  TTie  rate  of 
weight  loss  during  heating- at  leO^C/s  was  de¬ 
termined  (Fig.  1).  A  thermocouple  spot-welded 
to  the  metal  end-tip  provided  a  real-time  tem¬ 
perature  measurement.  The  initial  50%  of 
weight  loss  by  DNNC  and  RDX  was  fit  by  the 
polynomial  equation  1,  with  the  coefficients 
given  in  Table  1; 

3 

1  -  or  =  F  (3  r‘.  (1) 


This  polynomial  and  its  first  derivative  yield 
1  -  a,  and  da/dt,  respectively,  for  use  in  Eq. 
2,  where  a  is  the  traction  of  the  sample  de¬ 
composed  [7-9].  Equation  2  was  found  to  be 
linear  with  n  =  2  and.  by  use  of  the  tempera¬ 
ture  at  25%  weight  loss,  was 


da  1 

In  - - ; 

dt  (1  -  a) 


=  \n  A  - 

RT 


solved  for  the  prefactor  A  and  the  global  acti¬ 
vation  energy  E^.  The  resultant  values  are 
given  in  Table  1  and  apply  only  to  the  pres¬ 
sure  and  temperature  conditions  of  the 
SMATCH/FTIR  experiment.  The  regression 
rate  of  the  film,  r,  was  calculated  by  a  modified 


0.7 


experimental 

calculated 


Tin*  (see) 

Fi*.  1.  The  weight  lo»  eur»«  meuured  by  SNiATCH 
/FTIR  ieecuoteopy  on  *  eS-ii.ti-ihick  film  of  DNNC 
hcited  at  ibout  250*C/i  under  I  tim  Ar  The  polynomiel 
fit  i*  (hown. 
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TAHI.K  I 

SNLvrCH/FnR  Data  lor  DNNCand  RDX 


Polynomill  Coetticients 

Cilculitcd  Values 

Compound 

u,  a. 

F/ 

log 

r*’ 

DNNC 

0.6395 

0.9605  13914 

-4.43T9 

419 

:5.4 

o.o:' 

RDX 

!.S33 

0.49:9  -14:50 

O.S593 

:9.o 

13.64 

0.03  S 

*  kcai/mol. 

*  s"'. 

e  cm/s. 

version  of  the  pviolysis  law, 

r  =.>!•' (3) 

where  h  is  the  film  thickness  given  above. 
Equation  3  is  valid  if  h  is  approximately  the 
thickness  of  the  surface  reaction  zone  during 
combustion  at  1  atm.  Because  .-I  and  fre¬ 
quently  are  compensating,  this  equation  yields 
values  of  r  that  are  similar  to  those  deter¬ 
mined  by  other  equations  [7-9]. 

Equation  3  is  a  specialized  version  of  Eq.  4, 
which  gives  the  generalized  relationship  be¬ 
tween  r  and  Arrhenius  parameters  obtained 
from  thermal  decomposition  data  (1,  7-9,  llj: 


following  rapid  heating  to  a  chosen  relative 
constant  temperature.  These  conditions  are 
created  by  T-jump/FTIR  spectroscopy  [2]  in 
which  about  200  of  polycrystalline  DNNC 
is  thinly  spread  on  a  Pt  ribbon  filament.  The 
filament  is  housed  in  a  gaslight  IR  cell  contain¬ 
ing  2.5  atm  Ar.  Sublimation  of  DNNC  was 
greatly  reduced  by  using  this  superatmospheric 
pressure  of  Ar.  The  Pt  filament  was  resistively 
heated  at  2000"C/s  to  a  set  temperature  and 
held  at  that  temperature  for  the  duration  of 
decomposition.  DNNC  initially  melts  to  a  thin 
film.  It  then  decomposes  releasing  gas  products 
into  the  cool,  nonreaaive  Ar  atmosphere  where 


1/2 


(4) 


_Qj_\  ^ 

2CT,r  CT, 

where  T,  is  the  surface  temperature,  Tg  is  the 
initial  temperature,  is  the  thermal  diffusiv- 
ity,  C  is  the  heat  capacity,  Q,  is  the  heat  of 
reaction,  and  ,  is  the  amount  of  nitramine 
reacting.  Equation  4  has  been  used  success¬ 
fully  to  describe  combustion  of  inert  binders 
and  HMX  [Ij.  To  reduce  Eq.  4  to  Eq.  3,  the 
terms  containing  Tg  and  Q,  were  assumed 
to  be  small  or  compensating.  By  doing  so, 
the  bracketed  term  in  Eq.  4  is  approximately 
the  heat  conduction  length  or  reaction  zone 
thickness,  h. 

SMATCH/FTIR  spectroscopy  induces  sam¬ 
ple  decomposition  along  a  temperature  ramp. 
The  gas  products  detected,  therefore,  come 
from  reactions  at  somewhat  different  tempera¬ 
tures.  This  tends  to  complicate  the  description 
of  the  decomposition  mechanism.  Mechanistic 
deuiis  are  obuined  more  dearly  by  decompos¬ 
ing  a  thin  layer  of  sample  quasi-isothermally 


they  are  quenched.  The  beam  of  a  Nicolct 
20SXB  rapid-scan  FTIR  spectrometer  focused 
about  3  mm  above  the  Pt  filament  recorded  an 
interferogram  of  the  gas  products  every  200 
ms.  The  endothermic  and  exothermic  events  of 
the  sample  are  detected  by  monitoring  the 
control  voltage  of  the  filament.  A  difference 
voltage  was  obtained  by  subtracting  the  control 
voltage  without  sample  present  from  the  con¬ 
trol  voltage  with  sample  present.  A  downward 
defleaion  thus  corresponds  to  a  net  heat  re¬ 
lease  by  the  sample.  By  triggering  the  spec¬ 
trometer  and  Pt  heater  dreuit  simultan^usly, 
the  thermal  response  of  the  sample  ’^e  IR 
spectra  are  correlated  -n  time.  Ht.a,  i  j  is(  .. 
limitations  make  it  essentially  impossible  for 
the  filament  and  sample  to  track  ore  another 
as  reactions  occur,  so  the  temperatures  given 
in  this  paper  are  filament  values  based  on 
calibration  with  melting  point  standards  (2!. 
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lease  by  ihe  sample.  By  triggorinj’  the  .spec¬ 
trometer  and  Pt  heater  circuit  simultaneously, 
the  thermal  response  ot  the  sample  and  the  IR 
spectra  are  correlated  in  time.  Heat  transtcr 
limitations  make  it  essentially  impossible  for 
the  filament  and  sample  to  track  one  another 
as  reactions  occur,  so  the  temperatures  given 
in  this  paper  are  tilamen:  values  based  on 
calibration  with  melting  point  standards  [2], 
The  IR  absorbance  of  each  product  was 
convened  to  the  apparent  concentration  by 
multiplying  the  intensity  of  a  well-resolved  vi¬ 
brational  mode  by  a  factor  [3]  derived  from  the 
absolute  absorbance.  The  rate  of  growth  of 
concentration  is  obtained  in  this  way  throug!'; 
out  the  decomposition  process.  The  gas  prod¬ 
uct  profiles  were  smoothed  to  eliminate  fluc¬ 
tuations  caused  by  turbulence  and  the  mirage 
effect  in  the  gas  layer  above  the  filament  re¬ 
sulting  from  intense  heat  release  at  the 
e-xotherm.  The  mirage  effect  redirects  the  IR 
beam  causing  all  of  the  absorbances  to  de¬ 
crease  for  about  0.5  s.  IR  inactive  products  are 
expected  to  have  low  concentration  and  are 
not  included  in  the  quantitation  procedure. 
The  2280  cm'‘  mode  of  HNCO,  for  which  no 
absolute  IR  absorbance  value  is  available,  was 
chosen  to  have  a  relative  absorbance  factor  of 
V5  based  on  1.0  for  the  isoelearonic  COj 
nulecule  and  2.0  for  N-0  (3). 

BURN  RATE  iMEASURE.MENTS 

Linear  bum  rate  data  in  the  20-250  atm  range 
for  pressed  samples  of  DNNC  and  RDX  arc 
shown  in  Fig.  2.  The.se  bum  rates  are  repre¬ 
sented  by  Eqs.  5  and  6 

r  -  0.027/>®*’  (DNNQ,  (5) 

r-O.OdF®’  (RDX).  (6) 

Extrapolation  of  the  burn  rates  to  I  atm  shows 
close  intersection  with  the  regression  rates  of 
40-50-Mm-ihick  films  of  DNNC  and  RDX  that 
are  calculated  from  SMATCH/FTIR  spec¬ 
troscopy.  This  connection  gives  confidence  in 
the  use  of  fast  thermolysis  of  thin  layer-like 
samples  at  pressures  below  20  atm  to  unravel 
the  surface  reaction  products  that  are  pro¬ 
duced  during  combustion  up  to  at  least  250 
atm.  It  is  also  significant  that  the  decomposi- 
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Fig.  1  Lnear  bum  rates  of  DNNC  and  RDX  measured  in 
an  Nj  atmosphere  by  a  strand  burner  and  e.xUapolated  to 
the  regression  rate  calculated  from  S MATCH /FTIR  data 
for  a  4i-;im-thiclc  aim. 

tion  products  of  D.XNC  are  found  to  have  little 
temperature  dependence  in  the  220"  -3CC"C 
range  (tide  m/ra).  This  finding  suggests  that 
the  decomposition  mechanism  of  bulk  DNNC 
is  relatively  insensitive  to  surface  temperatures 
in  this  range.  The  final  gas  product  ratios  mea¬ 
sured  by  SMATCH/FTIR  spectroscopy  are 
similar  to  those  by  T-jump/FTIR  spec- 
uoscopy,  but  T-jump/FTIR  permits  the  se¬ 
quence  of  formation  to  be  determined. 

G.AS  PRODUCTS  .AND  EXPECTED 
FLAME  STRUCTURE 

Previously  reported  fast  thermolysis  data  on 
DNNC  obtained  by  ramp  heating  of  a  nichrome 
filament  at  145’C/s  reveal  that  NO:(g)  domi¬ 
nates  initially,  but  that  NCXg)  grows  to  be  the 
major  product  after  several  seconds  [lOj.  De¬ 
scription  of  the  decomposition  mechanism  by 
this  method  and  by  SMATCH/FTIR  is  poten¬ 
tially  complicated  by  the  fact  that  the  reaction 
occurs  along  a  temperature  ramp.  The  deu¬ 
terium  isotope  effert  of  the  decomposition  rate 
indicates  that  C-H  bond  dissociation  in  the 
condensed  phase  is  rate  controlling  up  to  the 
197*C  limit  of  study  (18).  Molecular  conforma¬ 
tional  differences  appear  to  play  no  role  in  the 
decomposition  of  RDX  and  DNNC  because 
the  interconversion  barrien  are  low  (19). 

DNNC  melts  at  152"C  and  decomposes  above 
1S8*C  according  to  DSC  (18).  The  surface  tem¬ 
perature  of  DNNC  during  combustion  will  be 
much  higher  than  188"C  but  has  not  been 
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Fig.  3.  The  sequential  appearance  and  change  of  concen¬ 
tration  of  the  IR  active  gas  products  tom  HNNC  heated 
at  :0<XrC/s  to  223*C  under  15  atm  of  Ar.  The  concentra¬ 
tions  were  obtained  by  scaling  die  IR  absorbance.s  accord¬ 
ing  to  the  absolute  IR  intensity  of  the  mode.  The  differ¬ 
ence  voltage  trace  of  the  Pt  filament  shows  that  the 
heterogeneous  condensed  phase  chemistry  becomes 
strongly  exothermic  after  7  s. 

determined.  A  temperature  of  300“C  in  the 
heterogeneous  surface  reaction  zone  is  reason¬ 
able  based  on  the  fact  that  the  surface  temper¬ 
ature  of  RDX  burning  at  1-20  atm  is  atout 
lOfy’-lSff’C  above  the  normal  decomposition 
temperature  (20j.  Therefore,  DNNC  was  T- 
jumped  to  the  220*-300*C  range  and  rapid-scan 
FTIR  spectroscopy  was  used  to  determine  the 
gas  products  generated  by  heterogeneous  de¬ 
composition  representative  of  the  burning 
surface. 

In  Fig.  3  «’’e  growth  in  concentration  of  each 
gas  product  from  DNNC  heated  at  2000*C/s 
to  223’C  is  shown  along  with  the  difference 
control  volpge  tTuce  reflecting  the  energy  re¬ 
lease  parrem  -if  he  condciued  phase. 
shown  is  tli  ’  i  .  .dothenn  that  is  com¬ 
pleted  after  i  i.  i  ,ie  uata  at  223  C  were  chosen 
because  the  major  details  are  clearly  revealed. 
The  postreaction  product  concentrations  at 
223*C  are  found  to  be  the  same  as  those  up  to 
the  300*C  limit  of  study,  indicating  that  the 
overall  decomposition  mechanism  has  little 
temperature  dependence  in  the  220*-30(rC 
range.  A  notable  difference  is  the  larger 
amount  of  NO]  and  CO]  detected  before  the 
exotherm  at  223*C  compared  to  higher  tem¬ 
peratures.  For  example,  at  250*0  only  a  trace 


of  NO;  and  CO-  arc  detected  0.5  s  before  the 
e.xutherm.  The  most  logical  e.xplanation  for  this 
difference  is  simply  that  the  reaction  rates  at 
higher  temperature  e.xceed  the  spectral  detec¬ 
tion  rate. 

The  detection  of  NO.  as  the  initial  gas  prod¬ 
uct  is  good  evidence  that  N-NO;  and/ or 
C-NO;  homolysis  initiates  the  decomposition 
of  DNNC.  Endothermicity  associated  with  bond 
scission  is  offset  by  non-gas-producing  re¬ 
arrangements  in  the  condensed  phase  because 
the  control  voltage  trace  indicates  thermoneu¬ 
trality.  Overall  e.xothermicity  begins  as  CO- 
forms.  The  detection  of  CO-  before  the  other 
redox  products  may  result  in  part  from  its  large 
IR  absorbtivity  compared  to  other  gases.  How¬ 
ever,  any  decomposition  mechanism  of  DNNC 
needs  to  account  for  early  formation  of  CO-. 

The  second  major  stage  of  decomposition  of 
DNNC  is  strongly  e.xothermic  and  begins  at 
7-7.5  s  in  Fig.  3.'The  NO,  NO,,  CH,0,  and 
CO-  conceniraiiuns  rise  sharply  while  CO, 
HCN,  and  N;0  form  in  lesser  amounts.  Many 
reactions  occur  during  this  stage  and  will  be 
discussed  in  the  following  section.  The  prod¬ 
ucts  are  similar  to  those  reported  in  an  earlier 
study  using  steep  ramp  heating  [10],  e.xcept 
that  no  CH-0  was  reported.  We  can  attribute 
the  absence  of  CH-O  only  to  an  oversight  in 
the  previous  data  reduction. 

A  third  stage  of  the  reaaion  scheme  in¬ 
volves  the  formation  of  a  small  amount  of 
MONO  and  HNCO  after  most  of  the  DNNC 
has  reacted  and  the  local  temperature  is  the 
highest  MONO  may  form  as  a  result  of  scav¬ 
enging  of  H  by  NO]  ■  [21].  H  •  becomes  more 
available  in  the  highly  e.xothermic  stage  of 
decomposition.  HNCO  may  originate  from  the 
decomposition  of  a  small  amount  of  residue 
that  forms  during  decomposidor.  at  223*C.  In 
fact,  the  final  gas  product  mixture  in  Fig.  1  has 
a  higher  oxygen  content  than  DNNC,  implying 
that  a  C.  H,  N-rich  residue  remains  on  the 
filament  A  small  amount  of  dark-brown  film  is 
indeed  observable  and  can  be  completely  re¬ 
moved  in  an  Ar  atmosphere  only  by  headng  to 
TCXrC  or  higher.  HNCO  and  HCN  are  the 
dominant  gas  products  formed  by  this  residue. 
On  this  basis  HNCO  may  be  formed  by  decom¬ 
position  of  the  residue,  as  is  the  case  for  RDX 
and  HMX  (22).  Oxidadon  of  HCo'  by  NO,  at 
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high  temperature  is  also  a  source  ot  HNCO 
(231.  If  DNNC  is  decomposed  at  temperature.s 
above  240*C.  the  C.  N.  O,  and  H  composition 
of  the  gas  products  more  closely  matches  the 
formula  of  DNNC.  This  suggests  that  the 
amount  of  nonvolatile  residue  depends  on  the 
decomposition  temperature,  that  is,  the  lower 
the  temperature  and  longer  the  reaction  time, 
the  greater  the  tendency  to  form  a  '•datively 
thermally  stable,  nonvolatile  residue.  It  is 
doubtful  that  this  residue  forms  at  the  surface 
temperature  of  burning  DNNC. 

As  is  the  case  for  RDX  (11)  and  HMX  [4], 
the  decomposition  process  of  DNNC  (Fig.  3) 
becomes  strongly  e.xothermic  at  the  time  that 
NO  and  CO  become  major  products.  This  sug¬ 
gests  that  the  highly  e.xothermic  reactions  7 
and  8  may  be  occurring.  However,  the  faa  that 
much  more  NO  than  CO  is  liberated  by  DNNC 
implies  that  sources  of  NO  e.xist  other  than 
reactions  7  and  3; 

CH;0  ^  NOj  -  NO  -r  CO  ^  H-0.  (7) 

5CH,0  -  7NOj  -  TNO  +  SCO 

+  2COj  +  5H,0.  (S) 

It  is  also  noteworthy  that,  in  contrast  to  RDX 
and  HMX,  CHjO  and  NO-  continue  to  be 
generated  in  the  e.xothenn  and  remain  in  high 
concentration  in  the  cool  Ar  atmosphere  after 
the  decomposition  is  complete.  This  ob^-rva- 
tion  has  implications  for  the  6ame  structure  of 
DNNC.  The  primary  flame  of  DNNC  is  ex- 
peaed  to  be  dominated  by  reactions  7  and  8, 
which  release  a  large  amount  of  heat  close  to 
the  surface  and  influence  the  surface  regres¬ 
sion  (burn)  rate.  The  primary  flame  zone  of 
RDX  and  HMX  also  appears  to  be  dominated 
by  the  heat  of  reaction  7  or  8  (111.  Therefore,  it 
is  noi  surprising  that  the  burn  rates  of  RDX 
and  DNNC  shown  in  Fig.  2  are  quite  similar. 
Unlike  ROX  and  HMX.  DNNC  also  generated 
a  Urge  amount  of  NO  in  the  decomposition 
process.  NO  reduction  is  relatively  slow  in  the 
temperature  range  of  the  primary  flame  (20L 
and  so  NO  w->uld  be  expected  to  pass  through 
the  primary  flame  and  become  the  do.ninant 
oxidizing  agent  of  the  secondary  flame.  In  fxt. 
the  similarity  of  the  burn  rates  of  ROX  and 


DNNC,  coupled  with  the  high  concentration  of 
NO  entering  the  primary  flame  of  DNNC  and 
thi  lower  concentration  of  NO  entering  the 
primary  flame  of  RDX.  is  strong  evidence  that 
NO  reactions  are  unimportant  in  the  primary 
flame  cone  of  nitramine  propellants. 

THE  DECO.MPOSmON  MECHANISM 
OF  DNNC 

Despite  the  fact  that  the  primary  flame  zone 
chemistry  of  DNNC,  RDX  and  HMX  is  driven 
by  similar  reactants  (reactioas  7  and  8).  the 
decomposition  mechanism  of  bulk  DNNC  is 
significantly  different  from  RDX  and  HMX. 
An  obvious  major  reason  is  that  competition 
between  reactions  of  the  C-NO,  and  N-.NO; 
groups  affects  the  subsequent  reaction  path¬ 
ways.  For  bulk  RD.X  and  HMX.  the  early 
reaction  steps  form  NO^  and  N;0  and  leave 
less  volatile  secondary  products  to  decompose 
later  and  produce  the  (rH;0  and  HCN  fuels 
(4,  111.  In  keeping  with  the  (CH-NNO.),  (n  - 
3.  4)  formulae  of  RDX  and  HMX,  the  quanti¬ 
ties  of  N’Oj  and  N-0  closely  resemble  HCN 
and  CH-O,  respeaivcly,  before  the  e.xothcrmic 
reactions  7  and  8  take  over  (4.  11).  On  the 
other  hand,  Fig.  3  shows  that  DNNC  liberates 
only  a  small  amount  of  N,0  and  HCN.  but  a 
large  amount  of  NOj  and*  CH-O.  These  d'f- 
ferenc»  suggest  some  plausible  decomposition 
pathways  for  DNNC 

The  fact  that  NO-  is  the  initially  detected 
gas  product  from  D.N'NC  is  good  evidence  that 
C-NO;  a.nd/of  N-NO;  homolysis  iniUates  the 
process.  C-NOj  and  N-NO-  have  about  the 
same  bond  energy  in  the  related  molecule, 
TNA2  (24).  but.  in  general,  the  C-NO-  bond 
is  thought  to  be  slightly  weaker  than  an  N-NO- 
bond  {25}.  Consequently,  mechanisms  that  be¬ 
gin  with  C-NO;  homolysis  and  produce  the 
gas  products  shown  in  Fig.  3  are  considered 
here.  Another  set  of  reactions  could  be  written 
beginning  xriih  N-NO;  bomoiysu.  Even  with 
this  constraint,  many  poaible  secondary  de¬ 
composition  reactions  emerge.  Unfortunately, 
the  reaction  intermediates  are  necenarity 
speculative  because  each  can  decompose  in 
several  ways  and  could  also  engage  in  bimoiec- 
ular  chemistry  at  each  step.  Bitnolecular  chem¬ 
istry  has  an  important  role  in  the  decompost- 
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(ion  ot  energetic  mjterials.  especially  at  higher 
pressure  (2b|. 


NO. 


Figure  4  gives  three  ot  many  reasonable 
reaction  steps  that  can  follow  C-NOj  homoly- 
sis.  In  routes  I  and  III.  the  N  or  O  atoir  of 
NO;  could  react  bimolecularly  at  the  carbon 
radical  site  leading  to  facile  formation  of  NO 
and  preparing  the  carbon  atom  to  form  CO;. 
Previously,  double  isomerization  and  decompo¬ 
sition  of  the  C(NO;);  unit  by  reaction  9  was 
proposed  [10]  to  account  L  the  large  amount 
of  CO;  and  NO  that  is  generated  by  gem 
•dinitro  groups  (10.  27); 

C(NO;);  -  C(ONO);  -*  CO;  ^  2NO.  (9) 

However,  there  is  no  evidence  of  reaction  9  in 
the  unitnolecular  gas-phase  decomposition  of 
TNAZ  (2S1  On  the  other  hand,  in  bulk  mate¬ 
rial.  the  bimolecular  stepwise  reaction  of  NO- 
and  the  residual  molecule  (routes  !  and  III), 
whicli  is  a  variation  on  rcaaion  9,  remaws  a 
plausible  route  to  CO-  and  NO.  Isomerization 
of  the  -NO-  groups  of  frm-dinitjroaUcanes  and 
scission  of  the  -NO  bond  to  a  carbonyl  and 
NO(g.)  has  been  proposed  to  account  for  the 
products  of  thermal  decomposition  (29).  Re¬ 
cently.  pyrolysis  of  QNO;),  above  250*C  was 
observed  to  produce  NO-  and  NO  [30].  The 
resulting  intermediate  was  proposed  to  be  a 


Fi(.  4  TV««  of  WMf  pIMbM  naOiM  rewn  cf  OMKT 
tnHK»i«g  C-NO,  K—w*  i  tmi  III 
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carbonyl  that  decomposed  to  CO  and  CO-. 
The  a^nce  of  N;  and  O.  was  funher  evi¬ 
dence  of  a  carbonvl  of  (he  type  proposed  in 
Fig.  4  [301. 

The  large  amount  of  NO  produced  by  DNNC 
suggests  (hat  other  facile  routes  to  NO  must  be 
present  in  the  decomposition  fragments.  In 
route  II,  two  NO  molecules  are  indicated  as 
products  of  a  primary  nitramine  radical.  This 
branch  is  proposed  based  on  the  loss  of  N^O; 
during  unimolecular  decomposition  of  TNAZ 
[2S].  It  has  not  been  determined  whether  evo¬ 
lution  of  the  N-O;  unit  leading  to  2NO  is 
unique  to  a  nitroazetidine  radical  or  whether  it 
is  charaaeristic  of  the  RNNO-  group  in  gen¬ 
eral 

Further  decomposition  of  the  intermediates 
of  routes  t-lll  in  Fig.  4  would  be  expeaed  to 
liberate  CH;0.  H;0,  NO-  and  HCN  as  well. 
Bimolecular  recombination  reactions  could 
generate  a  nonvolatile  residue.  The  experimen- 
uliy  observed  minimal  temperature  depen¬ 
dence  of  the  concentrations  of  the  major  gas 
products  may  result  from  the  faa  that  the 
multiple  reaction  pathways  compete  in  format? 
each  gas.  When  this  occurs  the  numerous  ele¬ 
mentary  siepo  in  any  partiruiar  rtaaion  chan¬ 
nel  betome  disguis^,  if,  as  is  the  case  here, 
only  final  gas  products  can  be  detected. 

r.  BtiU  is  gnuftd  to  the  Air  Force  Office  of 
Scientific  Raeorch,  Aerospoct  Sciences,  for  sup¬ 
port  of  this  mw*  on  AfOSR -39-0521.  The  work 
at  ONERA  wu  coniei  out  under  a  coniroa  from 
DRET  (Stinist/y  if  Defense). 
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